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2: ANALYSIS OF RIGID FRAMES BY SUPERPOSITION 

By M. WILSON," AM. Soc. C. A 


oun he purpose of this pay etal ist to demonstr ate the usefulness of the p principle of — 
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but, in the writer’s NiatPereiip its application i is not ener to the extent that 
its importance w warrants. * In the study of continuous structures, in particular, - 


dd 


a thorough working knowledge of the principle i is indispensable. 
lt will be noted that 1 no method of analysis is proposed. Instead, a 

‘method of procedure is outlined which coordinates the principle of super- 


q ‘position with existing methods and, at the same artniaaine emphasis where © 
“The pn of the paper is limited to the analysis of frames in n which applied 
loads cause linear ‘displacements of f the joints, in addition to angular displace-_ 
“ments (rotations), and consequent angular displacements of the members. Itis 
assumed that each: member of any frame considered has constant section 
‘throughout its slength. | Howe ever, the method of procedure | which i is presented | 


is general, since it is based upon fundamental principles, and ¢ can be applied 
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‘Standards Association, ‘with Society representation, and approved by the 


C=; a moment symbol commonly used in slope- -deflection analyses; for 
—. ~ example, Can = a fixed-end moment at end A of any member AB, 
gaused by transverse loads on the member also M); 


=a ratio of moment of inertia of tin seation the length the 


= 
member 


_M = bending moment; for examole,. of end A of 
me | member AB; M’ AB = fixed- end moment, caused d by t the saan 


displacement ¢ of the member (see also C); 


ool b= angular displacement, in radians, of the straight I line connecting the 


ends of the ‘member = (referred to as the angular di displacement 


L 


ak A = relative linear displacement of one end of any y member with respect 
§ to its other end, measured the initial position of 


joint A any frame, or poe A any member into 


a Convention of Signs.—The signs of the quantities used in the problems « of 


= this paper are determined by the following conventional rules: a ; 


‘The rotation angle, 0, is positive when it occurs in a clockwise direction 


and negative w when it occurs in a counterclockwise direction, 
The» linear displacement, A, and the angular displacement, R, a are both 

“positive when the ‘straight line connecting the ends of the member under 

“consideration rotates in a clockwise heed and negative when this line 


The resisting moment, and the fixed-end moments, M’ap 
are positive when they act in a act 
Lengths of Members. —In the solutions of subsequent problems, the lengths 
of members are taken between axial intersections of members. Therefore, the 
moments obtained represent the moments at these intersections, not the 


moments at the faces of supporting ‘The latter may be 


without difficulty, however, after the moments and shears at intersections have 


of any member AB are by the 


R) + 


} 


mow 


— 
- 
| 
— 
— 
— 
i 
— 
— 
—— ; ‘moments at ends A and B, resp 
slope-deflection equations: 


BY SUPERPOSI 


‘These equations may be be expressed i in the form: ir 


204 + On) + (Cas 
EK (20p+ 64) + -—6EK E EKR 


of the member are fi 
‘the 


= 05 = 0, the fixed-end moments at A and B are obviously ‘equal to 


4 If one end (say, B B) of the er is fixed against. 
-Totation s so that Mps - 0 and 64 = 0, it may be readily shown that the fixe 
7 end moment at A, = 3 the member carries no transverse loads, is equal to 
a EK R). 7 Under this condition, the rotational stiffness at A of the member — 
is to A when Bi is fixed against 
4 Outline of Method of P of P seat —In n the problems herein considered, the key 7 
be o analysis i in each case consists in the consideration of all possible ‘conditions — 
of deformation o of the given frame. — In accordance with the principle of super- 
“position the resultant effects on the frame v will be. equal to t the sum of the com- 
ponent effects produced by these separate deformations. The following out-— 
‘line of method of procedure presents, in logical order, the steps required for 


the solution of any rigid frame problem: 

* Step 1. - Sketches showing all possible conditions of deformation of the 
frame are made. If transverse loads act on any member of the frame, these 


- sketches will include ade of the undeflected frame with : any transverse loads” 


a Step 2 _ Fixed- end moments set up by the transverse loads and unknown 
angular r displacements of the ‘members, before r rotations of the joints are per- 

mitted, at are determined and recorded on the ‘appropriate sketches of step a 

= moments will be numerical values for the condition of transverse lend 

q on members of the frame, and functions of the unknown angular displacements 


unknown n joint displacements) for all, other conditions « of 


= | _ Step 3. T The joints are balanced for each condition of deformation i in step 1. 


by either the slope-deflection or moment distribution method, | and the final 
‘moments are shown on the deformation sketches. 
Step. Equilibrium | ‘equations a are written for the frame with the given 
— loads; and, after | proper substitutions, the unknown. displacements : are e evalu- 
a - These e substitutions are determined from a consideration of of appropriate 
free bodies on which the moments found in n step 3 and all forces are shown. 
acting. _ The moment at the end of any member in a free body must equal the 7 
™ a the moments obtained at the — that member for the several de 
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will in include a numerical value, if tran: transverse | 


act on n any membe , and additional values that are functions of the e unknown 


Tt. Step 5 5. With all displacements known, the moments in step 3 which are 

of the moments at the ends of all ‘members a are -e determined by summation. — 
-/ It is important to observe that simultaneous equations obtained in the 
- foregoing procedure will usually be the type which may , conveniently be solved 7 
by successive approximations | (method of iteration) . This is of particular 


significance i in problems involving more than three unknowns. th 


‘Most frames i in practice are rectangular i inshape. In general, they must be 
designed to resist vertical and horizontal loads. The following 


8E 
R 


1 


vty Example 1. Bent with Legs o of Unequal Length. ine 1(a) represents a a bent 
a with | legs of aanaial length, subjected to a horizontal force of 1 ,000 Ib at C. 
"The relative K-values of all members are shown in circles. | It is desired to 
_ compute te values of the moments at the ends of all: members of the bent. 7 " 


=f Fig. 1(b). Iti is obviousthat Reon = 3 Rape | 
The fixed-end moments at the of all members are re determined. 


-. : by use of Eq. 3 as functions of E R and are recorded in Fig. 1(b) paris oe 
. cha el Step 3. 3. In this problem, the joints in Fig. 1(6) are balanced by the slope- 
Ther moments at the ends of all members are defined | by th the e slope- e-deflection 
equations as as follows: jade. wilt 
Mcs = 20E 0c + 65 


—— 


Fra. 1.—Bent wITH Leas oF UNEQUAL LENGTH 
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oll At joint B: Mpa + Moc 


re Also, at joint | C: Mes n 


= O.154EFR.... 


= 0.231 ER.. 


Eqs. 6 following values of the moments 


are obtained in _terms of E Ma 5.69 R; Mpa 5.38 E R; 

Mac = 5.38ER;Mcp =6.15ER; = —6.15ER; per" Moc = -7. ER. 
These m moments are shown i in brackets i in Fig. 1(6). 
Step A. = . To determine the v value of E R, an eine: equi ation for the 

In Fig. 1(c), from = 0, 


iqs. 8 in Eq. 7 , the value of E R may be found: * 
at C. = Solving, = 
— The final numerical values o of the moments in foot-pounds ar are: 
t. ~ 69) (1, — 5, 720; Mesa = — (5.38) (1, 005) 5,410; 
wns = = (6.15) (1,005) = * 6,180; Mcp = — (6. 15) 
x (1 005) = - 6, 180; and Moe = — (7.08) (1,005) = — 7,110. 
nined Example 2. ‘asymmetrical Three-Column Bent. —Fig. 2(a) represents an 
unsymmetrical -three-column with a vertical load of 1,000 acting at 
Step 1. Two possible conditions of deformation exist—one for the trans-_ 
verse on BC, and the other for of the frame 


ed to 


the fixed-end moments shown in Figs. and 2(c). The final ‘moments 

ot obtained from these distributions are shown in brackets i in Figs. 2(b) : and 2(c). — 


133 
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recorded as shown, 
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Step 4. To determine the value of R, an equation for | 


2500 


529ER- 
7109000 


0: 


from 2M = = 0,15 +511 090 = 545 = 


= 1,159 10.94 BR 


in 1 Fig. 20, 


‘Substituting Eqs. ‘10 in Eq. 9, the value of ‘R may be be found; thus, 
684 — 22.62 BR = 0 and ER = 30.2. wil cond | 

5. The numerical values of the moments caused by | lateral deflection 

7 are determined by substituting the value of E & in the moment terms shown 
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[2.18ER) 


(b) SEE FIG. 2 (c) 
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2(e). By summation of the moments tl me obtained and 


are Map = 390; = 963; = — 963; Mes = 2,135; 
Mop = — 933; Mpc = — 557; Mer = — 1,202; ‘Mec = — 187; at 
Mer = 137. 
Example. 8. Two-Story Bent with H orivontal Loads. —Fig. (a) represents 
‘ two-story bent with h horizontal loads applied at at joints B and C. SO 
[- [-O.54ER,) (3.17 ER) 


-6ER, 
(-3.17ER,) 


| 

#6 


[- -4.23 | ER) lt- 423 ERY 


TALAZER, 
A~4.23ER, 


R072 ER; 


Fra. 4.- —Two-Srory ‘Bent WITH ‘Hortzontau Loaps 


Step Two possible conditions exist —one for deformation of the first 


story, and the other for deformation of the second story of the frame. These 


are shown in Figs. 4(6) and 4 
Step 2. Fixed- -end moments computed as functions of E R, and E 
for the deformation conditions of Figs. 4(b) and — and recorded as shown. 


— 
in brackets in Fi 
q 
— 
— | 

r 4 

— | 
—- * | « 
— eq | A 

(i) 
7 

| 
— 


Step 3. The joints in and 4(c) are balanced by | the moment dis- 
tribution method, and the final moments, in terms of ER, and E Ro, Tespec- 


tively, are shown i in brackets. Ry he actual Ww vork of distribution i is not shown it in 


“involved. 
“Step. 4. To determine the values of E R, a E Ro, two equilibrium e n equa- od 


tions for the bent must be written. | Tn Fig. ed from =F, = nn 


and, in 1 Fig. from =F, 


BR, 2.14 BR, 


4@and4f), 


"Substituting in Eqs. 
«(18.68 Ry = 


— 4.22 ER, + 13.42 E Ry = 200 


Solving. Eqs. 13 simultaneously, E R, = 26.7; and E Ry = 23.4. 
e Step 5. _ The numerical values of the moments caused by each deformation 
are determined by substituting the values of ER; and E Rez in the moment’ 
terms shown in brackets in 1 Figs. 4(b) and 4(c), and the final moments at endl 
ends of all members i in foot-pounds : are computed by summation of these values: 
Man = — 120; Mua = — 80; Maz = 120; Mac = — 40; and Mcp = — 60. 
- Example 4. Complex Three-Column Bent.—Fig. 5(a) represents a complex 
* ee-column bent (5a)* with a horizontal load of 500 Ib applied at joint B. 
Step 1. Two possible conditions of deformation exist—one for the part 
of the bent, and the other for primary deformation of part EDFG 
which j in turn causes secondary | deformation of part AB ABCD. CD. The hese are shown 
Step 2. Fixed-end moments are computed for the deformation conditior ns a 
. of Figs. 5(b) and 5(c) and recorded as shown, — In this problem, the fixed- -end © 
moments are expressed in terms of the unknown linear displacements A instead — 
of the angular d displacements: R as in previous” problems. The method of 
solution, howe ever, is not changed i in. any way. 
Step. 3. The joints in Figs. 5(6) and 5(c) are balanced by t the moment dis- 


> 


tribution n method, and the final moments, in terms of Ea, and E As, respec- 


Step _To > determine the values of E An. and E As, two equa- 


— 

a 

(11a) 

Similarly, in Fi 

were { at | 

— 

} 

ii A 

hese 

a in parentheses, thus: (5a), refer to corresponding items in the Bibliography (see Appendix). 
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In Fig. 5(f), from = 0 


2.34 


/ 
(- —678E 34) 
[-0.65E 44] 
A 


zit 2 
Es 


[-1.56E 
“Shek 


0.5 Ki 3.54E A 6.33E 34 


64E 


297 Ea, Be 


“1.296 


Fro. 


Hy = 0.032 E Ay + 0.100 


Solving Eqs. 16 EA, = 222, and E A; = 


— | 
(5a) 
— 1@ | 
— 
in 7 Kip 

| 
— | 
— 
— 
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Step 5 . The numerical values of the moments caused by each deformation 

are determined by substituting the values of EA, and E A: in the moment 
terms shown in brackets in Figs. 5(b) 5(c), and the following final 
moments in foot-pounds at the ends of all members are determined by sum-— 

mation: Maps =— 2,888; Mies | = — 2,345; Mcp = — 1,612; Mpc = — 799; 
Moz = 1, 407; Mrp = — 1,954; 2,203; = -1, 109; and 


5 = 


\ of E and I are constant throughout. 
Step Three possible conditions of deformation —one for the trans- 
verse load on BC, and one for deformation of each panel of the structure. 

‘These are show nin Figs. 6(0), 6(c), and 6). 
2. Fixed- end moments are computed for the conditions 
Figs. 6(b), 6(c), and 6(d), and recorded as show n. 
a Step 3. The joints in Figs. 6(6), 6(c), and | 6(d) are balanced and the final 
moments for each case are shown in brackets. 
“Step 4. — To determine the values of E f Ry and . E Ro, tv two o equilibrium equa- 
“tions for the truss must be w written. For example, in Fig. 6(e), from 2F, = 0, 


Fig. 60), 1 from > SM = 
yy = + 6.28 B Ry 1.82 Rs 


Ve 
12 
In Fig. 6(¢), from 2M = 0, we) 


thy 


‘Substituting Eqs. 18 in in Eqs. 1 


‘Solving E Eqs. = 1.96; and =-2 (Note 
that these are relative R-values corresponding to R = 0 for the vertical 
‘members of the frame. . The moments obtained using these R- values will be 


“correct, howev er, as can readily be seen by reference to the - general — 


) 
7 = 

| 

— 

a 

and, in Fig. 6(f), from 2Fy = = of i ss 

£4.40 1 — 3.00 2 = 32.92. 
15d) 
wri — 
( 16b) q 
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7 
-6ER, -6ER, 0 
291E Rj) [-332E Ry} 


SKips 


0 
aot 


(2.91ER,) 
 -6ER, 


-6ER, 0 


(7.94) 


0 


| 
[-1.72] 


wil 2.07] -011)| 
6 


1. SER) 


agi hal 


2 SER; 


(-291ER,) 


332ER, 


AS 291ER> 


age 


3.32ER2 


12. ~6 74 
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71 


- 342 
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Step 5. The summati 


shown ‘in n Fig. 6(k). 


ae 
NoNRECTANGULAR FRAMES: 


Nonrectangular or quadrangular frames, such as trapezoidal gable’ 


home and Vierendeel trusses with inclined upper chords, are frequently : used 
in practice. . Their k behavi ior under the action of applied forces which cause 
- linear displacements of the joints (deformations of the quadrangles) i is radically : 
different from that of rectangular frames under similar conditions, as will be 


in the problems of this section. 
Relation Between Values of R for Members of a Quadrangle—The quadrangle 


‘ome in Fig. 7 is defor med by external forces (not show wn) so that joints : 
and move to positions B’ and Cc, reapeotively. The member | AD is 


‘assumed to remain fixed in direction during the displacements of 

It is desired to find the relations between the values of R for AB, BC, and CD. 
|e Let hi, le, and ls represent the lengths of members AB, CD, paar BC, ‘Tespec- 
tively, and Ri, Re, and the ‘corresponding values o R. Hy, and 
i represent the horizontal and vertical projections of AB, and He and V 2 the | 7 

horizontal and vertical projections of cD. Let hp and vB represent the hori- a 
zontal and vertical components of the of B, and he and v¢ the 
ilar trian followin g relations may be written: he 
simi ‘ila g g 


nd efore, =R and vp =R Hy. Similasty, it 

he Rs V2, and vc = Ha. Since hg = he, Ri Vi = Ro V: Va; 


= 


«| on of the moments in Figs. 6(6), 6(c), and 6(d) and © - ae 

«the values of the moments in foot-kips at the ends of all members 

| 
ER) 

-, 

4 

“a | 
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Also, since the vertical, of ‘relative to B equals - (vB + 


(206) 


20 are the which express Rz and R; 
“members: CD and BC, respectively, in terms of Rifor AB. 
In the of many frames, the projections Vi and V 
cp, Fig. 7, will be equal. ‘Eqs. 20 may then be written: 


6. -Trapezoidal Bent. . 8(a) represents a trapezoidal bent (9a) 


with a horizontal load of 200 200 lb ates at B and an unsymmetrical vertical — 
of 1,000 lb on BC. 


a Step 1 Two possible « conditions of deformation exist—one for the trans- 


verse load on BC, and the other for lateral deflection ‘(sidesway) c of the frame. 
These are shown in Figs. 8(b) and 8(c), respectively. 
Step 2. From Eqs. 21 in Fig. 8(c), Re = Ri and |e = _ Fixed- end 
4 moments are computed for this deformation condition in terms of E Ri, and 
for the condition of Fig. 8(6) in numerical values, and recorded on the appro-— 


3. The joints. in Figs. 8(b) and 8(c) are balanced and ‘the final mo- 
ments for each are shown in brackets. 


must be written. In Fig. 8(d), = = 0, 


values of V and V2 in Eqs. 23 are Figs. and (89), 


te 
= in Fig. 8(g), from 2M = 0, * 7 
20.30 E Ry +4 908 


20.30 — 1,692 , 20.30 Ri + 4,908 a5) 


and solving Eq. 25, E Ry 32 


— 
— 
— 
— 
| 
4 
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Step 5. Summation of the ‘moments in Figs. and gives the 


followi ng final moments: Mas = 228; Mpa = 428; Mac = — 428; Mcs = 640; 
Mcp = — 640; and Mpc = — 304. a 
Story Bent H orizontal Loads. —Fig. (0) represents a a 


8.—TRAPEZOIDAL Bent 


Step Step 4, possible conditions 0 of. deformation exist—one for primary 

- deformation of the first story which in turn ‘causes secondary deformation of 

- the he second story, and the other for the deformation of the second story of the 

frame. These are shown i in Figs. 

be Step 2 . By use of Eqs. 21, the R-values for all members in Fig. 9(6) a 
been | expressed i in terms of R, for AB, and for all members in Fig. 9(c) in terms _ 
of Ry for BE. The corresponding fixed-end moments, in terms of E Ry and 


pro 
(240) 
— 
(25) 


Q9ER, 


[45ER, 
(6.07ER \(-0.74ER,) 
45ER)\-6ER, 
/\ (607ER,}\('5.33 


sd 


DC [-5.64ER,) [0.78ER) [(0.78ER 
| 
O.78ER, SO4ER, 6.38ER, aS 6.38ER, 
int 
Fra. 9.—Two-Story BENT w 


Step 3. 7 The joints in Figs. 9(b) and 9(c) are balanced ond the final mo- 


ments for each case are shown in brackets. aus me . 
4. To determine the values of E and E Ro, two equa- 


0, 0 
on Fig. 9(d), f from Mo = 
and, in in Fig pony = 0, 


148 ER, — 10.04 E Re 


ane 


In Figs. 9(h) and 9(7), respectively, from 2 = 
11.64 Ry + 35. 56 E + 1,500 


Solving ‘Eqs. 29 ‘simultaneously, E R,; = 85.7 and E R2 = 

‘. Step 5. The e numerical values of the moments in Figs. 9(b) and 9(c) | may 
now | be calculated, and the following moments at the ends of all members are 
determined by summation: Map = Moc : = — 472; Maa = Mcp = — 434; 
Mer = Mcr = — 134; Men = Mrc = — 308; Mac = = Mes = 569; and 
Mer = “Mrs = 308. 

‘Example 8. Gable Bent. —Fig. 10(a) re represents a gable bent with a hori- 
rontal load of 1, ,000 Ib applied at joint BL Me at al 

~ Step 1. Two possible conditions of deformation e exist—one for deformation 

of EDCB, and the other for linear displacement of B w hich in turn causes an 
equal displacement of D (an alternate deformation « of ABCD might be be coll 
instead). These are shown in Figs. -10(b) and 10(c), respectively. 
Step 2. By use of Eqs. 20, the R- values for all members in Fig. -10(b) have . 
been expressed i in terms of R; for ED, and the R-value of ED in Fig. 10(c) has <a 


terms of R; and E are on these sketches. 
Step 3. The joints in in Figs. 10(b) and 10(c) | are balance balanced and the 
Moments for each case are shown in brackets. 7. 


> 
Figs. 9(f), 9(9), 4 
(282) 
— 
ER, 
— 
a 
il 
Hy 
02 ER; 
‘A — 
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‘Step 4. determine values of Ry and Ro, twe equilibrium equa- 
tions for the bent must be written. 
Ink Fig. from = 0, pa 


+ Hz = 1,000.. (80a) 


ERJACL-O81 ER) 


LOSER) [-2321ER -15ER; 


by) 


BOILER, 
F eRe AN 318ER, 


\ 23.21 ER 


(hy 


V=0.236 FR, +0.448 ER 


‘Fig. =M 
‘A 
0,198 BR, — 0.767 E Re 
and, in in Fig. 10(), from = bow io * al 


— 
d 

~ 0 
= 

4 
Tig 
of 

@ 
0 

( 
in which, from =" 


Eqs. in LE as. 30 


may now | be computed, and the final moments at the ends of all members are 7 . 
determined by summation: Map = = 6,970; Mpa = 3,740; Mac = shin 3,740; 


ER} | Mc = Mp pe = 55 = 550; = — 550; and = 3,800. 


ER) 
or moment distribution method in the analysis of rigid frames. 
‘The; following conclusions are based on the foregoing | — 
1. The ‘method is general, and the re results obtained are exact 


= 2. many ‘computations | are required in the of a frame 


7 having a large number of deformation conditions, the calculations are simple 
and all operations of multiplication and division may usually be performed with 


a 3. At all times special care must be given to the correct formulation of 
a equilibrium equations and, in the case of nonrectangular frames, to the deter-- 
mination of the relative Rev: values for the members of the —— of the 
frame being considered. 
For frames: of unusual proportions where convergence by the moment 
- distribution method is slow, it is recommended that the slope-deflection method 
: be used to balance the moments at the joints in step 3 of the outline of method at 


‘Procedure, 


ER, 
The principle of superposition is an indispensable aid in the 
ae rigid frames of all types in which applied loads cause linear displacements 


>) 


oem 
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“Analysis of Rigid Frames,” by A. ‘Printing 
Gul (2 of Frames ick Fixed-End 


‘fons ome Wiley & Sons, Inc., New York, N. we 1932. 


— 
— 

ors February, 1944. ANALYSIS BY SUPERPOSITION 147 

| 

a 


— 
SUPERPOSITION _ Papers” 


(4) ) “Wind Stresses by xy Slope Deflection and Converging Approximations, by 
John E. Goldberg, Traneactions, Am. Soe. | C. E., Vol. 99 | (1934), pp. 


(8) “Theory of Modern Steel Structures,” by L. E. Grinter, Vol. 2, The Mac- 
millan Company, New York, N.Y., 1937. 
# (6) “The Theory and Practice of Modern Framed Structures,” by J. Bz 
Johnson, Cc. Bryan, and F. ‘Turneaure, Pt Statically Inde- 
terminate Structures and Secondary ‘Stresses, John Wiley & Sons, Ine 

@ “The Analysis of Vierendeel Trusses by Successive Agpronimtions,” by 

hs &, Maugh, Memoirs, International Assn. for Bridge ‘and Structural. 

 Engrs., Vol. 3, 1935, pp. 383-354. 
Bai Rapid and Concise Method of Analyzing Rigid Viaduct Bents,” by 
Um C. Maugh, Engineering News-Record, Vol. 114, No. 11, “March 14, 


(9) “Elementary Treatise on Statically Indeterminate ‘Stresses,’’ by . a 
a Ira Parcel and George Alfred Maney, John Wiley & & Sons, Ine., N ew 


Meek, _N. Y., 1936. . (a) 2d Ed., p. 226. bis 
(10) “Simultaneous Equations in Mechanics Solved by Iteration,” by 
nei Schwalbe, Transactions, Am. Soc. C. E., Vol. 102 (1937), pp. 939-969. 
(11) “Elastic Energy Theory,” by J. A. Van den Broek, John Wiley & & Sons, 
Ine, New York, N. Y., 2d Ed. , 1942. 
(12) “Successive Elimination of Unknowns in the Slope Deflection Method,” 


wilt} te: by John B. Wilbur, Transactions, Am. Soe. C. E., Vol. 102 (1937), 


(13) “Analysis of Statically Indeterminate Structures by the Slope Deflection 


of by Dana ‘Young, ‘Am. 
C. E., Vol. 102 (1937), pp. 869-988. 
(15) ‘Analysis of Quadrangular Frames by the Moment Distribution Method,” 

ibe David M. Wilson, thesis presented to the Univ. of ‘Michigan, Ann 


Arbor, in March, 1937, in Partial fulfilment of the requirements for 


— 
* 
a 
el 
pe 
la 
of 
| 
th 
er 
= — la 
re 
| 
wa g 
th 
t 
st 
pr 
of 
> 
| 


| 


AMERICAN SOCIETY CIVIL "ENGINEERS 


CONTIGUOUS ‘LAYERS OF UNLIKE 


cord we COMP ESSIBLE. SOILS 


HAMILTON GRAY, JUN. AM. Soc. C. 


The results of an si of a condition which is sometimes encountered 


a 
Zz 
= 


foundation the ‘consolidation of two contiguous layers of 


paper. r oA special case of such a phenomenon exists when one of two oie 

7 layers is relatively incompressible and functions merely to impede the outflow 
od,” of water from the compressible stratum. When two adjoining compressible 7 
37), strata are made to consolidate under an applied load, _ the behavior of pore 
i) stratum is influenced by the presence and e and action of the other. 7 . The extent of — 
“the “mutual interference or influence of of the layers” depends: on the physical 
rm Properties (compressibility a’ and permeability) of the materials comprising each 7 
layer. The analysis determines: quantitatively how the these physical sical Pro pa ies: 
| the ‘simultaneous consolidation of the two lay ers. 

details of the analysis have placed on file for reference in En- 
Societies Library'* in New York, N. Y. They have been omitted 
| 7 _ from this paper, since they are venebsaewl and do not influence the application of the 
Fesulte, The basic assumptions upon pon which the analysis is predicated are 
given in n this. paper, together w with the appropriate ¢ differential ec equa ations and 

7 7 bg final results. — The user is thus s able to o apply these s solutions with ai an  under- 

_— standing of the r restrictions under which they have been secured. — Y Graphs a1 are 

presented illustrating the results secured for. specific. conditions. The nature 


of these solutions i is in entire ‘agreement with what at “physical intuition” ‘might 


anticipate, and a. comparison is “made between va various approximations that 


have been made heretofore, and the ‘ “rigorous” solutions herein outlined. 


~ —W ritten comments are inv ited for immediate publication; to insure publication the last dis- 
ion shou submit y July 1,1944. 
Asst. Prof., Civ. Eng., New York Univ. New } York, N. 
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NSOLIDA' 


The results are purely theoretical and must beso considered until ‘comparison 
with observed phenomena in in ‘the field confirms or ‘denies their : applicability to” 
engineering ; problems. — They | are presented i in the expectation that such com 


= may be more numerous if the nature of the theoretical approach is. 


q 


Karl M. . Am C. E., in interest has 
shown recently i in 1 extensions of this theory. to the more complicated practical 
problems involving three-dimensional flow and compression* * and stratified 
clay deposits. “Definite progress has been mad made in developing solutions for 
“certain of these problems. solution of the one-dimensional consolidation 
problem | _ involving two contiguous layers of unlike clays has no’ not appeared 
heretofore, although the technique required for obtaining it has been available 
for some years*® and somewhat analogous problems have been treated in the 
‘theory of heat flow, 
a The purpose of this paper is to draw attention to this solution and to indicate 
4 the nature of th of the results obtained. 1 dit must be realized that the ‘application of 
_ these more recent developments: would be justifiable only i in the case of. rela- 
_ __ tively large and expensive si structures, since the analyses appear rather forbidding 
and at best necessitate considerable time and effort. Nonetheless, in connec- 
tion with important st structures it is is frequently desirable tc to apply such advanced 
theories to secure one of perhaps s a number of rough estimates of the possibilities 
inherent to the situation. i: oday engineers in increasing numbers are drawing 
a extensively on the results of mathematical analysis a as an aid in their w eh 
Ins some : cases the answer so obtained may be criticized as little better than 
guess, but i in any event it is a relatively ‘intelligent” or ‘ “conditioned” guess 
~ and, if. actual behavior in the field is observed | properly, ‘wale ultimately be 
in a position to decide whether the “guess” was worth the effort or n not. It is 
well to emphasize that experimental verification of the theories currently 
utilized for predicting g the settlement of structures, perhaps by models, but 
more particularly by observing full-size structures, has not been as common 


as is desirable and that unwarranted confidence is somnctines placed i in estimates 
that are based on theory unsubstantiated by field observation. Frequently 


2**Erdbaumechanik auf bodenphysikalischer grundlage,” by K. Terzaghi, Deuticke, Vienna, 1925. 


Theory of Three-Dimensional ‘Consolidation, A. Biot, Journal of Applied 


“Consolidation Settlement of a Soil with an Impervious Top Surface,” by A. Biot and F. 
= 6 ‘‘Bending Settlement of a Slab Resting on a Consolidating Foundation,” by M. A. Biot and F. M 
___7**Factors Affecting the Accuracy of Settlement Rate Forecasts,” by G. P. Tschebotareff, F Proceedings, 
18th Annual Meeting, Highway Research Board, Pt. II, 1938,p.120. werd: 
_ 8**The Cooling of a Solid Sphere with a Concentric Core of a Different Material, ~ by ‘i. Ss. Carslaw, 
Proceedings of the Cambridge Philosophical Society, Vol. XX, 1921, p. 399. 
9*Bromwich’s Method of Solving Problems in the Conduction of Heat, ” by i. s. Li ondon, 
7 4 _ Edinburgh and Dublin Philosophical Magazine and Journal of Science, Series 6, Vol. 39, 1920, p. 603, — 
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actual conditions invalidate some of the “assumptions on which a a ‘theory is 
based, and failure to consider this possibility may then result, in large dis- 
crepancies between pre predicted and observed behavior. — The following develop- 
ments are offered as 3 “tools,” the accuracy of which ‘remains to | be determined _ 
of which the engineer. concerned with foundation « design may avail himself at 


a ‘By way of introduction the relatively simple "problem of a compressible 


stratum with | impeded drainage will be considered. _ This is s actually a special — 
case of the more general problem treated herein, but i is introduced here because 


of the relative ease with which it can be « analy: zed. The m method has long ng been 
known, ;° it represents an extension of the usual attack by means of pepe 
, equations ; and Fourier series. Two practical applications are found when one 
aoe of (a) the error involved i in the assum _— of “free outflow” om the —— 


of Pervious incompressible Layer 
Coefficient Permeability = ky 
la- b 
ing Pervious Compressible Layer 
Coefficient Permeability=e 
4 Coefficient Compressibility = a 
ced VoidRatiome 
mg 
wg © REDUCED DIMENSIONS. 
The p is schematically i in Fig. 1, which si serves to define | 
itis J cert tain of the letter symbols introduced in the analy sis. The remaining 
y 
ntly sy ie are defined as they appear in the text and the complete list is presented, 
but for ees convenience of the reader, in the Appendix. The‘ ‘reduced”’ dimensions 
mon of Fig. 1(6) were introduced for mathematical simplicity and are related to 
ates true dimensions by the equations: 
ntly 
| 
No. 5. 


accordance with» the usual custom in dealing with the 


= ane completely filled with an quid (water). It is further 


Treatise on Fourier’s Series and Spherical, Cylindrical, and Ellipsoidal Harmonics,” 


E. Byerly, Ginn & Co., Boston, 1893, pp. 117-121. 


q =) 
1S 
— 
ge 
al 
ed 
ed 
on 
ed 
he _ overlain by a thick bed of incompressible and relatively impervious soil. Ps 
3 
a 
edings. 


assumed that, before the ¢ consolidation process is ‘initiated, the pressure, 1 Uz, 
in the void varies according to the law 


= 
_in which ° ¥ is the density of the liquid, and that at: all times the liquid premure 


is atmospheric when zqa = 0. An normal stress of intensity, p is abruptly 

applied to the surface S-S, resulting i in an upward flow of water associated with 

the compression or void reduction of the lower layer under the influence of this 

added load. If wa (commonly y referred to as “hydrostatic excess pressure’) 

denotes the fluid pressure, in excess of that given by Eq. 2, induced d by p in 

the incompressible layer, the flow of liquid that occurs in this’ incompressible 


layer is governed by LaPlace’s equation:" 


= the excess pressure, u, in the varies 


in which 1 c, the coefficient of of the compressible ma’ 


defined by th the e equation 


— ai is | the slope o: of tl the pressure, void-ra -ratio curve; +a a is known n as the coel- 
; ficient of compressibility; and ¢ is the time. "The solution of the problem 
consists of two expressions—one for ua as a a function of 24 and t, and the other 
for u, as a function of z and ¢. These expressions must satiety the the differential 


Eqs. 3 and, in addition, following “boundary conditions”: 


and, when zq = Hg and h = H—that is, at the common boundary— : 
and 

Since h=2z(1+e), Eq. 5d may be written 


Flow of Homogeneous Fluids Through Porous Media,” by M. Muskat, Ist Ed., McGraw- Hill 
Book  Ine., New ‘York, 


¢ 
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By differentiation ar and substitution it is readi ys 


sin Tr, COS 


poo is a root of the « equation— 


H, ka _ 


sole o simplify ty pography. In Eq. 8c the symbol 7 Ti is a 
quantity commonly termed a “time factor.’ = 
‘The degree of at any point in the compressible stratum is 


as 


The degree of consolidation, equals the ratio of convent subsidence or com-_ 


ta to the ultimate values of these quantities under the existing prepa 


is linear. Substituting the ¢ expression Eq. 7a for u under the integral sign in 


U% The values of U% then are one hundred times the magni-— 

tudes of U given by Eq. As] ke approaches infinity (corresponding to 

f unimpeded ¢ or free outflow from the | upper surface of the compressible lay all 
R likewise ‘becomes infinite and the roots of Eq. 8a become simply odd multiples 


wate, (12) 


in which k, = —— 
n —are two functio the 
le prescribed bound — 
In Eqs. 7, the base of natural logarithms and the symbolsin theexponent _ 
is 
4) 
of 
e degree of con ire § i iv 
her g entire stratum is then given by = 
ial pe 
5a) 
6) 
(5¢) 
(6d) 
w-Hill, 
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in which | m takes on successive integer \ values aes with m = 0. 


corresponding equation for U 


— 


Eq. 5d for the compressible is u 


‘the exponent N’ is substituted for 


‘to ‘typography. For fixed values of H,, Ha, ks, and ka, is deter- 


, may then be plotted. vie a 
| 


=) 
Cc 
= 


Degree of C 


For large values of T, only one term of the series for U is needed for suf- 
ficient a accuracy in plotting the curves. Hence, to find ‘the approximate value 
— of T> 0.5 required for a given value of U > 0.76 when R is known, it is s suf- 


ficient to use the equation: 


aes 


in which is is the smallest root ofr tan r =R (see Eq. 8a 8a). 
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_ In determining the value of k from the results of a consolidation test it is 


iq. 176 may also be written’ 


formulas a is determined from the pressure, void-ratio diagram, 
i, ‘by actual measurements. It is. customary to compare » the shape of an 
empiric: al time- consolidation curve of th the tested soil with that of the theoretical 
curve, R= ©, , of F ig. 2. __ These two curves are usually rather similar in shape, 
but the empirical curve is plotted to scales of of elapsed time, t, and measured — 
‘compression 0 of the soil sample, whereas the ¢ curve, R =o, of Fig. 2 is plotted 7 
to the seales o of the he di imensionless quanti ities T and a Iti is generally possible = 
to determine, for most empirical curves, the of elapsed 
time, . which is required | to attain some specified aoe say 60% or 90%, 


time required to reach 90% of the ultimate when 
is will be denoted by ty. The corresponding value of U is 


> 
hich e is the average void ratio under the load increment which resulted ix in 


the em empirical time-consolidation curve, and a is determined from the pressure, — 


-void-ratio diagram. 
‘This value of k will be accurate 01 only if the actual value of R is infinite. - If 
T xo, , consolidation will occur in accordance with Eq. 11 rather than Eq. 13. 
The empirical curve should then be compared with a theoretical curve for 
R rather than with the theoretical curve for R= However, 
- correct value of R is unknown § since it depends upon the value of k to be 
It is possible to avoid this dilemma as follows: Assuming that R #« , let 
t ‘denote the observed time which corresponds to 90% of the ultimate com-— 
pression given by the empirical curve. Since is impeded, ta > ty. 


Computing before ore by using 7’ = 0. 848: 


in 1 which k,. is the “apparent” permeability of the soil. Since te > te, 


“Principles of Final Soil Classification,” by | Charles Terzaghi, Public Roads, Vol. 8, May, 1927, p. 41. 
oe Improved Soil Testing Methods,” by G. G. Gilboy, Engineering News-Record, May 21, (1936, p. 732, 
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q Kea < ke. ” Had the actual value of R been known, a magnitude of 7 greater 
than 0.848 could have been used, this” magnitude being found by means of F , 


Eq. 16, in which U = 0.9. Use of this correct value of T ‘(denoted by 7’) 


- would have given the result, k,, at once. Since ——*— may be determined as a 


— 


a function of R, when U = 0. 9, by means of Eq. 16, tl 


may also be found in terms of R( (Eq. If M=7 


any chosen value of R, the ratios and can be found, | thenee, 
sa 


plot of corresponding values of — is shown i in am 3. 


ok. 


| 


— 


Fic. 3.—Taxe Ratio or True TO APPARENT PERMEABILITY AS A FUNCTION OF 


this curve it that, when 00, the ratio of only 


au 


if the value of exceeds 100. Ordinarily the drainage 
7 media used in laboratory testing « are of such a nature that R is of the order of 
~ magnitude « of 10°. Tf, in any instance, the value of R ‘should fall below 100, 


15 
= 
d7- =R-. For § 
— 
— 
— 
— #8 
7 
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i the curve c of 1K is. 3 3 would permit proper correction to be made i in n determining 


the value of ke 
_ Another sail ation of the results expressed i in Eqs. 8a and 9 is involved 
in the of a load placed a of ely soil 


the ‘soil il and t that its la lateral extent i is SO great as to afford r no appreciable reduc- 7 
tion in pressure i ine srease betw een 1 the | upper surface of the silt and the bottom — 
per s sq ft applied ‘at cr reates: an » al | pressure ‘nearly 
lag gnitude at the rock surf: ace, and at all intermediate elevations. 


Cohesionless Silt 


k=2x10°° Cm per Sec 
e=140 Plastic Clay 


—c=10x10"° Cm? per 


The consolidation "phenomenon ‘then i is one-dimensional for 

purposes. > Suppose that subsoil and I: iboratory v inv estiga itions have ests Ablished 
data shown in Fig. 4. Eq. 8a yields | 


~ 8.33 X 10° 40.0 
The time require ed to reach any fraction of the ultimate edeilunie approxi- 


‘mately 4 in. may be secured by means of the « curve R = 1.0 i ) in Fig. 2. For 


example, 3 in. of settlement corresponds to_ U= = 75% and T = 1.85 according 


to this curve. The time in years is obtained from —, 
(H.) | 
lich 3.16 X 107 is the number of in a year. 
(3.048 4.1 16)? 9.5 yr. 
3.16 X 10? X 10° 3.16 
ba the permeability of the silt been of the order of 10-4 em per sec the v: value 


- 


Lod 
— 
aS a 
848 
For 
“oa 
1 
il 
~ 
— 
N OF 
is only 
cises 
= 
7 
— 
| 


= x 10 = 137. 

curve R=0 Fig. 2 2, the T = 0.48 cor responds to U = 15%; 


wn 4 ‘It should be realized that the drainage conditions affect only the time rate 
of. compression and have no influence on the total amount of compression. 
for consideration of the ‘conditions i is only when the 


‘putation. of the variation of the the 
a clay. In some instances ‘ite is feasible to 


gradually loaded and compressed « during the construction period s so that its 
strength i is never exceeded, but gradually i increases as the void | ratio is is reduced. 
Thus, ultimately, it is able to’ support the finished structure safely. In such 
- circumstances it is necessary to know not only the shearing, but also the con- 
solidation characteristics of the foundation material, — If the soil, which is is to 
= strengthened by consolidation, does not have free drainage, the usual con- 
‘solidation theory b: based on the assumption of unimpeded drainage will - 


= mianilaliians , originally ineapable | of pi the finished structure, may be 


In considering the variation in shearing strength one may deal with the 4 

average strength of the w eak | stratum, in which case curves similar to those o! a 
iz 2 are useful, or one may deal with the weakest zone in the consolidating 


stratum. — The shearing resistance at any point is a function primarily of the 
void ratio which may be found by | means of the pressure, void-ratio diagram 
te used in conjunction with Eq. 7a. At any instant of of time 1 the value of u is 
at the bottom of the consolidating stratum, “see Fig. where z = 0. 


At this elevation the void ratio is greater and the shearing : strength i is less than 


ofz>0. Setting z = 0, Eq. 7a becomes 


“ If the thickness and the coefficient of consolidation of the consolidating s stratum 


are, known, T = => (Eq. 8b), and u may be expressed as a function 


time lapse followi ng the application | of a load increment, Pp. _ Therefore, one is 
ina position to determine t the variation of shear strength with the passage of 
-_— ‘time at the elevation where the stratum is weakest. la In this connection it is 


convenient to plot u as a function of T i in accordance with — _ 

In analyzing the problem of two contiguous layers of consolidating soils, it 


is io eapellnnh to consider the layers i in a manner similar to that i in the preceding 
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text. 


consider— — (a) free drainage top and bottom, 


Free 


3 FREE DRAINAGE AT 
TOP AND ) BOTTOM 


soil are oumbered I and II, and the ¢ > correspon 
by pees subscripts, 1 and 2. 


ed. 
sto 
‘eld 
7 
the 
u is 24) 
than last i is “time factor” for this case, 
~ 3 It is possible to solve the two basic cases simultaneously, and, in summariz- 
“| ing, the boundary conditions have been arranged in Table 1 so as to emphasize — 
al) similarity. For the lower lay: the law of fluid flow may be expressed by 
of the and and for ie: the upper la layer the 
 Awhich wy and uz denote the fluid pressures in excess of hydrostatic in the 
aq lower and upper layers, respectively. 
3 ti: Boundary condition 5, Table 1, is more restrictive than is necessary, ’ 
solutions can ee obtained i in cases wheve u is any | function of 2 when t = 


This problem is depicted in Fig. 5, there being two distinct cases to 


shown. In Fig. 5 all the dimensions shown are 


“Impervious 


4 (b) FREE DRAINAGE AT 


For each 


and (b) drainage at top only, as 
“reduced.” The layers | of ‘ 


lb fll 


TOPONLY le 
» 


ding soil coefficients are re identified 


= 
(159° 
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‘ABLE 1.—Bouno. Bounpary C 


= | Bor indary 


and bottom, the two functions, 


for the | | d 
for the lower layer, and 
sin A, sin | 
1 


if isa root of equa 


=o cosA + sin cos pv A = 


sin pv A, 4 + sin A sin A, 


p 


Eqs. 26, N is used to simplify typography. The corresponding 
degree of consolidation in the lower an and upper 


expressions for the 
layers are 
(294) 


U 
(A (o sin? wv A, + wvsin? A,) 


sin A, (a § sin pv A, + sin in An) cox Ay 


 (A,)? (asin? pv A, + pvsin® 4.) 


equ: ations for hydrostatic excess 


For ‘or the case > of drainage at t the: top only, re equ tie ext 


1 


Cae™ 608 sin 


3111 bottom | ‘Drainage top only 
t=0 | u = p (a constant) 01 
m= Cr sin An — sin wv Ay............ (260) 
05 
»... 
A ( 26b) - 
706 
and if 09 
19 
T 
ea 
— 
% 
ind 
i} 
A con 
sul 
mean; 
— ton 
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in which A must be a root of the equation— 


win sin’ wv A, 


Entire Deposit of 
— Material identical with 


< 
Entire Deposi 
Material Identical with 


That of Lower Layer 


pper 


uvA, n+ u v cos? A,) 


xcess 


Aconvenient key to the application of these formulas is pr esented i in ‘Table 2 : 
Results s such as these are most readily comprehended if illustrated by g graphical 
heans, and the results of a particular case are shown in Fig. 6. In this situ- 
ition it is assumed that there is | drainage a at the —, with the following 


relationships and dimen 
31 


tuke = 10; = 0.4; = % 95, 


| 

G(A) =o sin A sin wv A — cos AcospvA =0. 

Resultant Curve for Upper and | | 

of. Nomi 6 
(2: 

(300) 

(308) 
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TABLE 2.—Key To Des 


at 

 toponly Bottom 


Hydrostatio excess pressure, u.. | BS Eq. | 30a 


Drainage at 
top and 7 top and © 
bottom 7 only bottom 4 


Drainage at Drainage at 
3 


Degree of consolidation, U Eq. 29b Eq. 33a 
Coefficient, Cn Eq. 28 Eq 32 


31, 


and pv 


‘Fig. 7 shows the distributions of ex- 
“TABLE 

cess fluid pressures, u, in the soil layers 

tw o different times corresponding to 

T = 200. As is to be 


expected from the assumed Telation be- 


Degrees | a tween the soil coefficients, the lowe er layer er 
| 00713 - consolidates as 1 rapidly as the upper will 
0.2150 permit, the variation ‘in through the 


0. z150 


03079 lower layer at any instant being very 

0.8076 small In the upper layer the variation 
0.9593 ron 

1.1117 is similar to that found in the case of a 


Snide layer of homogeneous material with free 


drainage at one surface. In Fig. 6 the 


curves of U versus 7’ are plotted for the “upper and lower layers, together with 


r 


_ Also shown are ‘curves of U versus T which would result if the entire ire depost 
- ote compressible ‘soil were of material identical with that of (1) the i upper layer, 


a x: Fig. 8 shows the ‘ “resultant” curve of Fig. 6, together 1 with a curve obtained 
by. averaging the coefficients ‘of the two layers = haa following - ‘manner, &s 


ive ay + a2 h ay hi + 23 ay 4 hy 


~ eet Testing and Averaging,’’ by K. Terzaghi, Proceedings, the Purdue Conference on * Soi 
Mechanics and Its Applications, September 2 to 6, 1940, p. 151. ieee iii 
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_* 122 Ker rer 
= 0.0555 
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~ 


Resultant Curve for Upper. and 
Lower Layers Acting Together 


Curve Based on Averaging 
Soil Coefficients 


ot 

Fig. 8, secured by the method of ay averaging, is obtained 

vith far less a than the theoretically correct “resultant” curve which it 


ipproximates. from Fig. 8 that the he diserepancy between the 
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two is not excessive Fig. 9 shows these two curves plotted | with T on an 


arithmetic scale The difference betwee the two at any given value” of T 
~ does ‘not exceed 5% of the ultimate theoretical subsidence (that is, U = 0.05). 
| The di difference in r for a giv en value of U does not appear to exceed 20% Yo. It 


is thought th: at the indicated agreement is adequa ite for “pr: ractie cal purposes, 
“Whether the agreement will be : appreciably less close for other probable con- 


ditions: can only be ascertained by “cut- -ind- try” _methods. Such trials are 
time consuming, but, once values have been esti ablished, the degree of accuracy 


es the simpler method can be deter) mined. | This: degree of accuracy need not 
* lar ge, , int asmuch as other vari iables, which enter the problem from sampling 


operation to estimates of the increase in load on the soil, all meant to influence 


results in a more or less erratic manner. 


Curve Based on Averaging 
Coefficients 


or the case just - considered, ‘it is interesting to note that the e theore etic cally 


“corr rect curve lies between the curve secured by aver aging, , and that obtained 
by assuming the entire deposit to have endian, of the upper layer. 
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TION 
The letter symbols used in this s paper conform, in so far as possible, with 


‘those listed in “Soil ‘Mechanics ‘Nomenclature.’ The units of the quantity 

‘represented by e each symbol ar are given herein, in terms of force (F), length (L), 

and time 1 and 2 are by to indicate when a a symbol refers 


nd 


mbol 
= dimensionless: 


a= coefficient of compres ibility of soil: 


Jn = dimensionless coefficient defined by Kqs. 2 
c = coefficient of cor — of on 


= void ratio of sil; 
= “function. of” 
of” 


H, = reduced thickness as defined by - la; * 
h=a vertical dimension in Fig. 1(a); 


k= coefficient of permeability of soil: 


“apparent” coefficient; 


coefficient for the drainage layer; 
k, = reduced coefficient (Eq. 6); 


M = a substitution constant = “Tea (see Fig. 3); 


m=an integer indicating a succession of values (Eq. 14) beginning 


N=a substitute exponent (see 8b), equal to (rr 


form mulas to simplify typography; 


4  - = a substitute exponent (see Eq. 26), equal to (Any, Ie used i in for- 

tigate an integer. indicating « a succession of values Eq. 9); 


= pressure intensity; 


be 
= a ratio: “denotes a root ¢ of E 


T = time factor: = t value of determine a given 
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Symbol 


t= elapsed time: 
” 
ete. = time corresponding to 0.9, etc.; 
U = average degree of consolidation of a stratum: -U p = degree of 


excess pressure i in soil: ue 
pressure in the drainage layer er; = 


Us = hydrostatic pressure at point z, Fig. 1 and Eq 


v= = density of the li liquid (the definition of density F Ls —o 


from the one commonly employed. It is used here” to 


7 : avoid the introduction of the gravitational constant); 


o=a ‘a dimensionless ratio (Eqs. 24); 
=a ‘dimensionless ratio (Kgs. 24). 
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PROGRESS REPORT OF THE 


INTRODUCTION 


The exigencies of “the war have prevented ‘ealling a meeting of the Joint 
bei Committee during 1943. . This report was prepared by the Chairman 

0 assist in visualizing the yatinnt: -day status of floods and flood content § in the © 


|= States. Summarizing, much has been ‘accomplished but much re- 


mains to be done, for the annual bill for flood damage appears to roll up un-— 
diminished. On the « one hand, v we note the definitely salutary ‘effects of flood- 
control works completed or in advanced stages of completion, and, on the 
other hand, a stupendous toll of damage. The conclusion must be that flood- 
control projects for the more densely populated areas must not be ‘permitted : 
to have their completion delayed. — Every year of delay adds to the values 
invested in industries, homes, and lines of communication of all kinds—let us 7 
not forget the Big Inch oil pipe line: washed o1 out by the Arkansas River flood of 
May, 1943— thereby : adding justification upon upon justification for the flood-control 
expenditures involved. The attention of engineers is becoming concentrated | 
on the problems and technique of operating the rapidly increasing number of 
Teservoirs provided with storage capacity for flood waters. These operation 
problems promise to io occupy the center of the stage before long; and along with — 7 
comes pressing demand for reliable te can 


‘ 
=< 


a The year was ushered in by i flood i in the upper Ohio River basin — 


since the memorable St. Patrick’s day high water of 1936. __ Water went surging _ 
the “Golden Triangle” of Pittsburgh, ‘Pa., and | caused thousands 
flee from their homes. Fortunately, effective use was made of such flood- 
‘control reservoirs as had been ‘completed or were half completed, and this” 
together with good flood- -forecasting service caused Pittsburgh for once to 
ee. oonaiate through the ordeal better prepared and with much less loss 


_ Nors.—Please forward all comments on this Report directly to Chairman Gerard H. Matthes, Di- 
ai U. 8S. Waterways Experiment Station, Box 631, Vicksburg, Miss. Progress Reports are published _ 
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= ine fort merly. - Da amage to industries engaged in war produe tion assumed n no 
startling figures, losses t: iking the form mostly of wi rasted wor ‘king hours. | 
Not sO happy 


the news from Portland, Ore. a also stricken ‘during the 
first days of January by a disastrous flood « of the Willamette River. | March 
brought floods to Louisiana and southeastern Mississippi str eams, : and also to 
North Dakota; but these seemed almost local compared with the widespread 
“floods which i in April visited the vast section: of the Middle West comprising 
— lowa a, ‘and Missouri and which were followed in May and June by 
great floods i in the middle dle Mississippi R Riv er and tributaries. . At St. Louis, Mo., ™ 
the flood crest nearly equaled the record set in 1844. ‘The inundations w were 
particularly ¢ extensive ‘in Illinois, Indiana, Missouri, ¥ Arkansas, , Kansas, and 
Oklahoma. . ‘At one time as many as 154, 000 people were homeless, thousands 
of United States tr tr oops were called o on to render aid, and crop lo: losses were faced — 
on 2,756,000 acres of some of the most fertile I: ands i in that area. : July followed 
Ww with floods in Minnesota, Wisconsin, and Iowa, thus completing one of the | 
Ww orst flood visitations that has every befallen the Middle West. Although — 
= upper Mississippi River and all its tributaries were very high, no dangerous — 4 


ges occurred i in the lower: river below Cairo, Ill. — How ever, the high- -watel 
Ww as a one and the average annual discharge for. the \ Ww water 


> 


ing the outflow from the Great Lakes, reached a of about 
295,700 cu ft per sec, its highest in years. Summer and fall 
burst floods: exacted their usual annual toll. _ Steubenville, Ohio, and Belfast, 
Me., are examples of cities s that "suffered disruption « of their paeietonese: water 


Work FOR STATE PLANNING AND Crry ZONING COMMISSIONS: 

factors in flood at lev els to 


‘geval w hich to flood gg “Lack. of 
foresight and high-pressure salesmanship often account for much property. 
being thus incorrectly located in the paths ‘of floods. — The Village of Spring 
Valley, Wis., ie ; considering moving to higher ground. "j Located in n the valley 
f the Eau Galle River, it suffered six floods within one year (1942). Each 
inundated the town and the last one wrecked its water WwW works. _ Thus, its citizens 


were convinced that it w ould be cheaper to move the town than - continue to 
rebuild it. Spring | V alley ‘should consider lucky. Had the six. 


State planning and city -goning ci commissions should take heed: Once cities 7 
- ans to be large and their populations dense, the cost of zoning them tends to 4 
~ become prohibitive. | London (England) on the Thames, Paris (France) « on the 
: Seine, Cologne (Ger many) « on the Rhine, Breslau (Germany) on the Oder, and 


_ Rome — on the Tiber are great ities which have struggled | for centuries 4 
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with their flood troubles without them. As r 


flood of the Rhine. "Breslau, a of more 600,000, is built o on both 4 
of the Oder w vhose w atershed i is equipped with tw enty- one flood-control 
reservoirs and retarding basins. . On September 3, 1938, the | greatest flood i in 
the record of the Oder River inflicted great losses throughout the Oder Valley, 
despite numerous local flood-protection works, and caused extensive e damage at 
Breslau. — _ For the protection of Breslau alone more than twice as much reservoir. 
‘capacity should have been prov ided—something which apparently i is not within 
economic reach, 
- Rome considered flood control as far back as the d days of Tacitus who de- 
‘scribes the ravages by the Tiber River and the : appointment of a commission of | 
_ Roman senators to formulate a flood-control plan. The answer appears to hav e 
bee that the cost, w as not then economically justified, because many centuries 
‘elapsed before flood walls and dikes were built for the protection of Rome. 
‘The flood « of December | 17, 1937 ‘3 outmatched these protective works, and und official 
‘Tepor ts s placed the suffered in Rome alone at $4, 000,000, 

- London is the outstanding example ofa city which | grew to such unwieldly 
size and became controlled by so many governing bodies that it ‘repeated a 


f at providing flood control were frustrated until 1937, when a commission repre- 

senting all Municipal and governmental interests was appointed | to deal with a 


“the: situation in a comprehensive way.  London’s flood problem (which. dates 


_ back to the year 1091 when the first London | Bridge was swept away) is com- 
4 plicated by a a combination of h headw ater rune® and | high tides in in the — 
a River. ver. § Strange as it may seem, ‘London’ s most precious possessions: ns: The a 
Parliament Buildings, the Tower of London, treasure-laden Tate Art Museum, | 
W estminster r Abbey, the grounds of W ‘indsor Cc astle, | Eton C ‘ollege, and many 
‘others are located within the flood zone. _ The long record of flood devastations _ 
| - Citizens of Johnstown, Pa., are eagerly announcing the « early metitiee of 
an ambitious improvement of the Stony Creek and Conemaugh River channels 
: designed to provide ample capacity for flood discharge, Ww hich will “free Johns- 
town” for all time of its flood menace. Since’ May 31, 1889, ‘the memorable 
] date when South Fork Dam broke and caused a loss of 2,300 lives in this com- 7 
munity, w hich then had a population o of but 20,000, flood waters have 
- Tepeatedly invaded the 2 city. In fact, less than two years later (February 17, 
1891) Johnstown w as .s inundated bya flood—that time Ww ithout any dam failure 
to ‘obscure the true nature of its flood problem. The climax came in 1936 
ze when one third of the city, w which by then had a population of 70,000, was 


- inundated, inflicting property | losses 8 amounting to more than $40,000,000, or 

- about three times the monetary losses sustained in 1889 . Model experiments. 
in 1938-1939 demonstrated the practicability of a channel-rectification project 
which has since been completed under the direction of the U. 8. District. 

Engineer j in Pittsburgh, at a cost of near ly $9,000,000. 
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he sia ork of highw ays and roads i in the United | States is. tod: ay le 
chief sufferer in terms of dollars and cents; ‘like the tailroads, washouts by — 
cloudbursts remain the v unsolved problem. However, although | bridge and 
culvert losses are not caused d solely by cloudburst runoff, they continue to 
= into very large figures. The State of Pennsylvania in 1942 counted ou 
bridges damaged and 69 destroyed in a period of 128 days by ten summer floods. 
The total damage to highways exceeded $2 340,000, of which about $1,000, 000 
was to bridges. A A program of channel clearing and improvement was author 
ized by the governor. The State of New Mexico « during the record floods of 
May and September, , 1941, in the Pecos, Cimarron, and Canadian river | valley ys 
4 sustained highway and lutite losses placed at more than $8,000, 000—more — 
the entire highway budget for that year. Thedisastrousstorm of September, 1938, 
in New England did property damage that has been difficult to evaluate =i 
‘appears to have been in the neighborhood of $400,000,000. _ Damage to high- — 
ways and especially bridges ran into large figures, and repairs have extended ; 
over a long period of time. During the great flo ods of March, 1938, in 1 Southern 
California, ¢ damage to highways and bridges was also the largest single item, 
amounting | to $13,774, 000 or nearly twice the damage to valuable orchards . 
_and high priced crops, and more than twice the residential damage. 
ri In occasional instances, bridges which had been rebuilt were damaged again 
nee later floods, often due to undermining of abutments or piers. In this con- 


nection, a | vast amount of tanec work i in the a has | been a aimed at 


— 


of the river bed. This is a field w of in which field 


determinations are needed in conjunction with model studies. mu interest is 

the rule of thumb, derived from hard experience, used by re railvead “engineers i in 
the Great Plains region of 1 the United States, where river beds are notoriously 
sandy and subject to deep scour during floods. This so- called 4 to 1 rule re 
4 quires that bridge foundations be placed to allow for a bed scour of 4 ft in depth ; 


for each foot of rise in water surface above the low-water ea a = 
= 


. oar the past dike and levee construction in the United States has been taken 
much for granted. The steadily increasing height of these embankments for 
_ the protection of valuable properties, such as industries engaged in war produc- 
tion and airports, is calling for greater care in construction and maintenance. 
Greatly increased flood stages have resulted from more co xplete confinement of 
flood flow and are producing greater hydrostatic heads on levee foundation 
materials, thereby promoting percolation through the latter. . In some a areas 
~ lands presumed t to be ‘safely protected have become subject during high river 
 “@uae either to general seepage or to localized boils. Both are demnaieg * 
agriculture, as well as to industrial and municipal interests, and are beginning 
to call for remedial measures, often entailing large expenditures. Seepage, if 
has responsible in many instances for levee instability 
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and occasional failures. — have been and are being made with 
__ pressure-relief well installations : and with surface drainage by ditching. The 


addition of a a ‘berm on the land- a toe of the er embankment still i is considered 


imposed by: the safe rn ae of the or on which the loves paren be built, 
Ww henever seepage tends to become excessive. In addition, there is a -psycho- 
logical limit which must not be > ignored. People e enjoy , the safety provided by 
-a well-built levee, but they do not enjoy living behind a structure so high that 


5 they become afraid of it, or have r reason to doubt its stability on other counts. 


Fear causes people to sell and move away, causes property values to > agenareg 7. 


a Reservoir operation looms as the momen 
Wi ar Department engineers have been devoting much study to the 
7 Be operating the r rapidly increasing nt number of reservoirs for flood control com- &g 
n bined with other water uses, or for flood control alone. These studies, of course, Gg 
il are aimed at utilizing available storage capacities as effectively as possible, but are _ 
— more particularly with the release of the ‘impounded waters. 
le left to uncoordinated local action, the emptying of groups of reservoirs may be &§ 
ir | fall of grave dangers. To assist in visualizing these problems in a practical 7 j 
id way, a gigantic model of the 1,240,000-sq mile Mississippi River watershed is 
being built, in which will be reprodaced at a horizontal scale of 1 : 2,000 all 

ri cipal flood 1 arteries, all existing and proposed reservoirs, and all levee systems. &g 
ly 7 - Originally conceived by Maj.-Gen. Eugene Reybold, M. Am. Soc. C. E., Chief 
=| of Engineers, U. 8. Army, this model, for which ground was broken near Jack- 7 ra 


= & ; son, Miss., in July, 1943, will cover the better part of a square mile of land sur- 

| then. “The work so far has consisted of grading the terrain with the aid of some a 
two thousand prisoners of war working under the oe of engineers from 

the U. S. Waterways Experiment Station, Vicksburg, Miss. 

Fioop Conrrou ror Private INTERESTS 
be Although the public mind has become trained to regard flood control as 

8 governmental institution, the fact remains that there are still flood-control _ 
Jobs to be done for private and semiprivate interests which call for consulting 
service - Projects of this kind are on a less pretentious : scale, and, since they 
eall for expenditures by individuals or business interests, the economic aspect 

different. Thus, whereas in government projects protection against maxi- 

mum possible floods has been made a basic consideration, or at least serves as 

: a ‘starting point in planning, the private ( client hadad rule must content himself 


With s seeking partial protection. e engineer’ problem in such cases is one 
< Providing ay as much protection as the client’s i interests | demand. The 


| 

| old is making way for massive modern earth embankments tending to assume toe 
the attributes of dams. These are engaging the attention of soil mechanics a ae 
experts, hydraulic engineers, and geologists. | 
The problem of what is the safe height of a levee or dike is no longer the - _ 
— 
— 
4 

— 

4 
— 

4 
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Reports 


“client most often will look upon flood protection in the same light as he does 
fire or life insurance. He buys no more than he can afford Wha at then isa 
prudent inv estment? This is the question w hie h the engineer must assist in 
‘answering, and in this problem the all-time maximum possible flood becomes a _ 
purely hypothetical } ev rent which may evoke ‘no practic al interest - In problems 
of this kind, however er, the en engineer of today. has at his command an array y of 
flood data which his predecessor, a quarter of a century ago, did not have and 


Ww which enables him to give advice in the m: itter of probable frequenc ies of rec ur- 


rence of fic floods of f various magnitudes and from different causes. 


NEFICIAL Us Oo! ‘ 
BENEF IAI E or Froop Ww \TERS 


‘The “Upstream Engineeri ng Conference” held in ashington, D. C., 
7 September : 21-24, 19% 36, in which ‘the pros waaien of arresting storm runofi 

at the source by using ponds and by p pr omoting infiltration through the medium 


of Teforestation and soil | Stabilization w ere discussed, proved helpful i in showing 


In the humid regions of the United States, headw vater conser vation and dow ne 
stream flood ‘control and flood- -water utilization mi iy perhaps go hand in hand. 
In the western arid regions, where water is at a premium and virtually the 
essence of life, flood waters originating at t. the v very heads of riv rs have a rash 
for irrigation and domestic “uses, and any plan which water 


= no one method of water conservation or of food control offers a panac ea. 


sses by distribution into the soil at the higher lev els, where most of the 
precipitation occurs, becomes inimical to man’s existence. = The divergence i in 
thought which has existed between East and West, as regards making beneficial 
use of w aters naling flood flow, is) wearing off. W ater has become scarce in 
“many eastern areas. N ew Jersey, whose State Water Policy Commission finds 
industrial expansion hamstrung for lack of w ater supply, represents an out- 
standing g example.' _ Even in | so wet a an area as the lower Mississippi Valley 
water shortages: have developed in the rice growing districts. _ Many of our 
western states abrogated the antiquated law of riparian rights” years ago in 
order to make beneficial utilization of water practicable under the law of 
een, which in substance states s that beneficial use shall be the measure 
and the limit of the water- -user’ s right. " The time seems not far d distant when 
pore of the humid region may have 1 to begin thinking i in n like terms, as ‘their 
water supplies become progressively scarcer. _ Merely evacuating flood waters 
to the sea, as by the retarding- basin principle for a ince, , may serve to control 


floods t but effec effects n no no conserva ation for beneficial use. — aren 


In its report dated D 26, 1934,” Committee on 
l 


7” “The gr greatest good to the user of flood data w will result from . placing: be- 
fore him just as complete an array of flood events as historical and enginee!- 
ing records can be made to yield. This relieves him of the necessity | ol 


__1 Memorandum of the New Jersey State Water Policy Commission to the Congressional Committee 
R - ers and Harbors in the matter of H.R. 1880, 78th Cong., 1st Session, authorizing the Construction 
th York Bay—Delaware River Section of the Atlantic wemenanesl Ww Waterway: Dated M: arch 5 S 


1, 1935, p. 336. » 
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undertaking research work of of this: kind at a time when his energies meee 


ire fully occupied.” 


“Lit ittle did the. committee then dream that within ‘i years the profession wot d 

=~ itself equipped with a wealth of data, published in admirably usable form 7 

Engineers and meteorologists have collaborated in 1 this gratifying result. 

‘Koide lta of many of the later r reports are the pr paid to crest 

stages at points up and down the streams, the publication of storm ‘rainfall: 

‘data, : and also the publication of sufficient s stage and discharge figures to permit 


plotting flood hydrographs. . Special ‘ial mention is due the excellent information 


‘available on the earlier flood occurrences. - Authenticated heights attained by 
great floods of a century or longer ago have been helpful in dispelling the tradi- — 
tional belief that such floods are primarily attributable to deforests ation, over- 
or erazing, and the clogging of stream channels with erosional debris. These 
contributory factors for a w hile ter nded. to become greatly ov eremphasizec 
“We know now that great floods, whieh would have hean:ef disastrous propor 
tions w vere they to happen today, oceurred i in: 1692 on the Delaware River at — 
Trenton, | N. J.; 1763 on the Ohio River at Pittsburgh; 1770 on the Los. Angeles 


l. River; 1771 on ‘the James River near Richmond, Va.; 1785 on the Connecticut =| 
oll River in Mz assachusetts : and also on the Androscoggin and Kennebec rivers of  ¢ 
he Maine; 1793 on the C umberland River at Nashville, Tenn.; 1828 on the Rio 

Tt Grande at San Marcial, N. Mex., and El Paso, Tex.; 1844 on the Mississippi | 

“i - River at St. Louis; 1850 and 1852 on the Sacramento River at Sacramento, 


Calif. The unusual research Ww hich | led to the unearthing of some of these early , 
es ee, if assembled, read like an epic i in engineering research. a 
7 ‘Such sources as the diaries of early settlers, the baptismal ‘record of an old — 
~ Spanish mission, and the files of historical societies and those of the British 
Museum were investigated. 1 Most of these early floods occurred before man’s - | 
‘ruthless hand had made appreciable inroads into the forests or had promoted : 
soil erosion. = et, more than a century ago the belief already prevailed well 
id timber cutting was responsible for the flood disasters of that time,’ while the 
equally: unwarranted belief that the winters are becoming less pers’ had been 


expressed as far back as 1786.‘ It seems impossible to eradicate such 


¥ 


Are review of overflows caused by river ice reveals that startlingly little head- 


- Way has been made in this country in combating ice gorging. + The graphic 
of sand suffer ed of i floods in 1 such rivers 


1018, and a as ete as 1936 an unese: to the equally graphic 
fone "accounts of such damage in 1861, 1846, 1816, and 1784. In only two 0 respects - 


has progress been made; namely, in providing more substantial bridges, dams, 

- and other structures along rivers, and in the issue of more timely Ww arnings. 

7 - The latter is doing much to save lives and lessen property damage. — Ironically, | 


: as if to mock man’s lack of ingenuity, some of our rivers which once were no- 


7 


Hazard’s Register of Pennsylvania, 1828. 
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_ ‘ita for ice gorging have become practically free from ice as an incidental — 

result of their waters being used for condensing purposes by industries. One 

reason why flood-control engineers have paid little attention to ice gorging is 

- because it is primarily a low-water phenomenon. Yet, on some rivers affected 

by ice, the highest overflow stages on n record are attributable to ice jams. 


‘The logical way | to attack this neglected phase of flood control would seem to 


‘ich resulted. 


‘Recent ADVANCES IN Froop-C Cowrso ENGINEERING 


aoe Signal pro progress is mint made in coveral directions Although it may be 
ard less ‘mathe- 


matical pondering ov over the probable tuvghencion dn recurrence : of great floods and 


5 less effort being devoted to finding new ways of “routing floods” through reser- 
-Voirs and down river channels. Instead, a ' steadily i increasing trend i is develop- 
; : ing toward intensely practical observa ations, either at first hand or with the aid 
_ of large. models, on the behavior of flood flow, valley storage, time of travel 
“of flood water in channels and in and on the problems confronting 
“reservoir “operators. Aspects which | thus far have remained moot subjects, 
-ealling for assumptions, coefficients, , and other factors of i ignorance, are under- 
going dissection and are becoming better In this endeavor, ‘two. 
Mississippi River both well. for the. task, have 
noteworthy contributions during the past year. Many United d States Engineer 
Offices a are likewise studying their operation problems in a a "practical way. 
_ Hydrologic data are being ¢ collected at more stations than ever before, and 
their analysis ; is entering the hitherto untrodden field of establishing relations 
between watershed types and rates of runoff. __ River channel morphology and 
the transportation of sediment are being subjected to new forms of research 
and some old established misconceptions are going into the discard, particularly 


as regards bar building and scour in natural channels. Only a few of the more | 


important contributions of the year can be mentioned: __ LA 
Hydraulics of Culverts —Much has been accomplished by s state highway 
departments on the improvement and standardization of culvert design. 
variety of local conditions imposed by the slope of the terrain : and runoff charac- 
teristics is being considered. i Formerly these conditions were not accorded the 
: importance due them. Noteworthy in this connection are the analytical tulle 
_in culvert hydraulics made under the direction of the State Highway Engineer of 
: California, and their publication during 1943 in serial form.> These articles 
; collectively amount to a manual on culvert practice which should be helpful to- 
highway engineers generally. Important. contributions in their preparation 
_ were made by R. Robinson Rowe, M. Am. Soc.C. “33 
 @ Flood Forecasting. g.—Flood forecasting from a een was attempted for 
the first time during the floods | of 1943 by engineers of the Mississippi River 


‘Commission. Se model comprised stretches of the Ohio and Middle Missi 
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FLOODS 
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pon rivers and their confluence a at Cairo where they form the Lower Mississippi 
4 - River. © Included i in the model, which covers more than an acre of ground, are 
"parts of the Cumberland and Tennessee rivers, the prehistoric Ohio River 
(Cache) Valley which connects the two main rivers north of Cairo, and the 
entire Birds Point-New Madrid Floodway opposite Cairo. simulating in 
the model actually recorded upriver stages received by telephone, the model 
“quickly indicated the stages to be e expected. at points dow nstream. _ The results, 
checked against subsequently observed stages, have demonstrated the 
practicability of this method as being peculiarly adapted to river situations 
at and. below confluences of major ‘iineaies, The same model was utilized 
also for determining the volumes of water held in temporary overbank 7 
: alley” storage for different flood stages, by the rather unique process of 
partitioning off the model into 10- mile compartments and calibrating these is 
by filling with water. Accurate knowledge of valley storage ‘quantities is 
esse ntial i in any { flood- forecasting procedure using discharge data. Its determi- 


t mation, however, is not as a rule readily : accomplished from maps or by com- 


putation from flood- -flow da ata. 


m» © Translatory Waves—W aves on the Clinch and Tennessee rivers were 
studied to discover the speed with w which they traveled downstream. The 
- observations were made by releasing carefully determined volumes of water from 
Norris Dam at times when tributary inflow Was negligible. The 74-mile-long 
_ Wheeler Reservoir was also used for observations of this kind. _ The observed 
translatory wave movement was compared with the ‘computed results us using 
formulas which have long since needed checking. t The studies were made by 
J.H.W ilkinson, 6M. Am. Soc. C. E. , under the general direction of Sherman M. 
W oodw ard, Hon. M. . Am. Soc. C. , consultant for the TVA. 
y as an Aid in F lod Control.—. —Among the more remarkable 
' products of the year i is the completion of a geological investigation in the huge 
‘alluvial valley of the Lower Mississippi River, the subsurface composition of 
Which has long been an enigma to engineers concerned with flood control, 
river regulation, and drainage. Lack of information had become the cause of 
_ widespread se seepage conditions, levee instability, and difficulties in | stabilizing 
- the navigable « channel of the river. Thirty months of "field work, the exami-_ 
4 nation of some 17, 500 logs of borings, and thousands of aerial photogsaphs wen Ww ere 
- ‘Tequired i in 0 order to trace the old channel locations of the prehistoric rivers 
which, since the last glacial epoch, have traversed the valley. Clay beds, 
sands, gravels, and silts found their appointed places in this scheme of things, 
and now the w hy and wherefore of their respective | occurrences and their bear- 
ing on levee foundations and river maintenance | problems are for the first time 
study was by Harold Fisk, at the School 


tion of Brig. -Gen. Max C. “Tyler, Am. Soe. Cc. E, Ww pore conceived the plan 
 (¢) River-Bed Retrogression.—The annual report of the Bureau of Reclama- 
tion on the rate of river-bed retrogression in the Colorado River below Boulder 
Dam continues to develop data of unusual interest to e engineers , concerned with 
Am. See. C. E. (publication pending), 


7 
— 

> 

ites 

d 

— 
q 
ng ; 
7 

vO 

ay. 

nd — 

reh 

{ 
one — 
— 
way 
q 
the 

dies 
icles 

ul to & 

tion 

River 

— 


the construction of high dams on heavy sediment bearing streams. _ The com-— 


plete wrecking of this large river channel due to the cessation of its natural 
regimen, and the deterioration of the great delta of the Colorado Riv er which | 
has also resulted, afford much food for thought. - Although perhaps no intrinsic 
damage has resulted in this particular instance, similar on rivers 
elsewhere might be attended by very serious consequences. 
River-Discharge Regulation. —Regulating the flow of Tennessee 
River and its tributaries by means of some Swonty ‘multiple- purpose dams and- 
reservoirs 's having a combined capacity of from 7,000,000 to 8,000,000 acre-it_ 
- reached a a remarkable degree of perfection isin 1943. The low-water flow 
Of the Tennessee, in times past, has been known to drop as low as 5,000 cu ft _ 
- per er sec. In 1948, @ year of considerable deficiency in in rainfall, regulated | flows 
in the Lower Tennessee River "were maintained near 25,000 cu ft per. see 
Sasi th the low- ‘water season  * wo additional reserv oirs, the Kentucky 


River, with prospective storage 4, 600, 000 acre-ft and 
000 acre-f, respectively, are nearing completion and will the 


of its size in n the w world. Long- -range Ww veather forecasting i is being as 

an important adjunct in these operations. - Nicholls W. Bow den, M. Am. Soe. 

C.E., ‘ As head of the River r Control Section of the TVA. _ Other large Americat 

rivers. Ww whose regulation has shown marked progress ar are the Sacramento and 

 @) Solving | the Riddle of Stream Meander. —_N ew light has been shed during 

-* “the year on | the age-old controversial subject of the meandering | habits ofr riv ers. 


7 A series of sy stematically conducted observations extending over a a year - at the 
Waterways Experiment Station under ‘the personal direction of General Ty ler, 
President of the Mississippi River Commission, has been of considerable as- 
sistance in clearing away the confusion of ideas that has prevailed among en- 
gineers. The need for an exhaustive study had been felt for some time as the 
~ subject intimately concert ns the flood-c -carrying capacity of a ‘meandering stream 
and the manner in which it builds its bars and imposes limits on n navigable 
the vd In turn, , a meandering river rer is definitely affected by the confinement 
of its flood flow by | levees and dikes, and this phase has been included i in | the 

experimental inquiry. In many - of tests, water flowing unrestrained was 
tests e effects of revetments, 

spur ir dikes, channel shortenings, and vegetation were ‘studied. ee A variety 0 
basic conditions was introduced, such as combinations of slope, discharge. 
and ‘granular materials of different grain size, specific: ‘gravity, and cohesion. 
In many ny respects, the experimental work pity well beyond the basic aspects o! 
Meandering. It covers: the fundamentals of sediment transport by streams ot 
all types, and p promises to be helpful i in n eliminating old misconceptions r regard- 
ing the mechanics of bar building and scour, bank caving, the b building of nev 

banks, and the e reasons why channels degrade, or remain “poised.” 
fe ay sp these studies which were conducted by Joseph F. Friedkin, Asso 
M. Am. Soe. C. E., Captain, Corps of Engineers, U.S. Army, and which are stil S Cr 


in progress, already constitute a valuable contribution to the science of rivers e 
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(potamology) ¢ as well as to the art : and science of flood control. The results ob- 


tained to date have been an important factor in enabling the Mississippi River 
‘Commission to announce at recently held public hearings its ability to increase 
the prescribed 9 -ft navigable depth at low water in the Mississippi River below 
the mouth of the Ohio River to 12 ft, down to deep water below Baton Rouge. 
‘The river , today, is generally ¢ ‘onsidered to have the best channel it has ever 
“had, and is an import: int carrier of war materials and war ships built at inland 
points. addition, its flood-e: carrying capacity has become greatly increased. 
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TABLE 1.—Numser or Fioop Disaster: ERS, In THE Unirep STATES, Jun 


. _ to June 30, 1940, From D ATA ON THE DISASTER 
OPERATIONS OF THE AMERICAN RED Cross 


y 


Arkansas....... 
Illinois 

Missouri. . . 


Kansas. ... 
Connecticut. 


New Hampshire 


North 


Rhode Island 
Delaware 


Rocky 


Virginia 
Maryland 


Coser 


Missiasippi. 
Louisiana 


TOSS “age to disaster relief operations. AS the period covered is but 20. 
ne 30, 1940) and only 496 flood ‘disasters required 


— 
rts February, 1944 FLOODS 177 
m- 
al 
‘ich 
§ 
— 
7 
— 
re-ft — 
order to visualize what sections of the United States are most affected 
/ 
J = 
icky 
ttle § 
and 
— 
4 — 
MounTAIN AND INTERIOR Base | 
1, Assoc. >> 
— 


d ‘relief, the data are not conclusive. ‘They 1 may however be accepted as indica- 
tive. _ In interpreting this table the size of any 8 state will b be found t to bea mage 
but not as important as density of population. 1. Texas, the largest. state, is 
traversed by many large river systems and also is subject to the g greatest storm 
rainfall. _ Thus, it necessarily heads the list. In general, ‘Table 1 “indicates | 
that there are large a areas of the United States subject to frequent * visitations | 
_ where as yet relatively few flood-control works have been built. — ae 

a 6: 4. Gerard H. Matthes, Chairman 
oint Division Committee on Floods 
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SOCIETY OF CIVIL 


By C. MAXWELL STANLEY, JR 


MAXWELL STANLEY, IR, 10 M. Am. Soc. E.*—Some of the discussers- 


vor the vertical-beam wen, of construction for. concrete reservoirs and some 
uestion the value of this design. Both comments are nesded for a 


valuation of any ‘new method of design. 
The examples of vertical-beam type c« construction given b by Messrs. Cochrane 
and Pérez Guerra’ apply to conditions somewhat different from -those en- 
countered in the reservoirs described by the writer. The reservoir designed by 
Mr. Cochrane is of f particular interest: It illustrates t the application of the 
method to a circular reservoir of large diameter as suggested i in the paper; and 
it extends the method to a greater degree of backfilling than the writer has 
considered desirable. : ‘As Mr. Cochrane states, the internal pressure n norma lly k 
will exceed the external pressure and cracks that may occur in the inner face 7 > 
of the wall when the tank is empty 1 will tend to close when the reservoir is 
filled above the normal drawdown level. The arch wall design described by 
Cochrane is a proper addition to the: retaining wall type listed under the 
heading of ‘Conventional Design: Retaining Wall Types. 
| Messrs. ‘Schmidt and Koon and Gearhart comment on the desirable per- 
“centage . of horizontal reinforcement. 10 ‘The writer | agrees that the amount of 
horizontal reinforcement in projects No. 1 and No. 2 is less than that desirable. 
Two reservoirs s designed and constructed since the preparation of the paper 
(December, 1942) have had approximately 0. _horisontel 
which is comparable to that of project No. 
appeared on either of these reservoirs as late as fourteen aaitis after con- 
ae The discussion of Messrs. Koon and Gearhart is an able quanatiien of the 


7” In March, 1943, Proceedings, p. 456, line 6 of Was text, change 0.11% to 0.17%. Bleak? secsnittn 
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STANLEY ON VERTICAL-BEAM RESERVOIRS —_—Discussions 


objections that m: ay be raised against vertical- am design. omments on 

these objections are in order. = There are many factors that affect the selection 7 

of the type of reservoir, and, where those factors are suc sh that the vertical. 

beam im type of wall cannot be applied, obv iously s¢ some other design must be used, 

Although the vertical-beam design: is not universally applicable, it has certain 
‘advantageous features that be “utilized where it is applicable. ~The 

4 ertical-beam design need not be eliminated from consideration because a part 


of the w cater capacity is below natural grade, for in such c cases a design similar 


" that shown in Fig. . 8 m: uy be used aaa the bottom of the wall s ee by 7 


Horizontal | Force of 


| 


8.—APPLICATION OF VERTICAL-BEAM DESIGN TO RESERVOIR W 
Part or Srorace Betow Naturat GRADE 


This construction is o only a ‘modification of the method of bottom wall supper 
ae shown in the lower example of Fig. 3(6). Tl The vertical- beam design is not 
applicable to circular. reservoirs, except those of relatively large diameter, 
seldom is a circular reservoir required by local conditions. Rather the circuls' 


"reservoir is more often the ‘result of the type of design selected. $e There st 


few instance es in which a square or rectangular shape ¢ cannot be © used if desire. 
general, the vertical-beam design n be applied where any of the ne “car 


ventional designs” ’ are or the height of wall is not too great 
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for the wall to be poured - in one lift. Moreover, local conditions as well a as 


the ratio of depth and area will - vary cost rela Abeniigs between the various 
designs, 


“The hypothesis, presented by the writer, that a better design is obtained 


w vas the surfaces in contact with the water are in compression can probably be ~ 
proved or disproved only by research — which has not yet been undertaken. 
The writer believes thoroughly that having compression ¢ concrete in contact 


with the water is advantageous. This belief is based on his observation of 

numerous concrete structures way is confirmec 1 by observed experiences with 


are extremely diffie ieult. Those mi ude | by Messrs. 
4 an 
No. 1, Fi ig. the Vig. 6(a); 
cand, likewise, for project No. 3, Fig. —5(c) and the alternate Fig. 6(6). ‘The 
prices for the two types of construction should not be the same. 7 _ More- 
over, the ¢ comp: arison made by Messrs. Koon and Gearhart in Fig. 6(a) a assumes 


a design with only a 15-ft wall height for the cantilever type. If such an 


arrangement is acceptable for the cantilever type, it m may also be used for the 
vertical-beam type, employing a construction similar to that shown in Fig. - 


For these reasons the writer questions the cost comparison made by Messr 


Koon and Gearhart. it has been his experience, as indicated in the wee 


that the cost of the vertic: al- beam reservoir compares favorably with con- | 


ventional “types. Table 4 shows” the construction cost of several projects, 


TAL ABLE | 4. —Cost Data® ON Vi ‘ERTICAL- Br AM Reserv OIRS 


Contrac' t ‘Date NR cost Contract | Capacity | Adjusted 
eost? ‘awarded | __index costs (gallons) cost? 


$39,750 | August, 1935 | 93. "93.82 | $54,800 | 3,000,000 | $18,300. 
| 4,375 | November, 1938 112.69 | 


Mareh, 1942 129. 2710 

| Mareh, 1942 129.65 10 | 60,000 

pe Costs ost ‘end, engines ring, or Cost of project No. 1 includes all piping for 
‘oe overflow, etc.; the cost of projects No. 2 and No. 4 does not include piping. © — to March, 


adjusted to ey seek 5 prices using the Engineering News- Record (EN NR) 


cost index. These costs seem self-explanatory. 


: rte: construction joint spacing of greater than 20 ft is adequate, then this 


e used, and may be used with the same advantage for the vertical-beam 


type of construction as for any of the conventional types. a 


_ The writer agrees that the use of unprotected tie r rods is ill-advised, and, on 


methods varied, but sede buried the floor the following 
procedure i is suggested: (1) Design the bars over size to allow ‘for some cor-| 


rosion; (2) give the bars tw o or more coats of asphaltic: Ww 


Drotection and so as to ‘shield them by slab 
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means of qvetention are dissimilar to those used on n steel pipe and care- 


q fully applied and inspected will give adequate protection. - However, if one is 
s skeptical, of the use of tie rods, they may be eliminated and the vertical-beam 
may ‘still be used by placing: reinforcement in the top slab (middle 

illustration in I Fig. 3(a)) to support the top of the wall and by using the weight 

of the water to resist the horizontal thrust at the bottom of the wall (bottom 


are Objection to the use of surface w waterproofing on the inner walls of re reservoirs” 


is largely a matter of opinion; it applies equally to all types of design and need — 
oo conclusion the writer wishes to reaffirm his statement that the vertical- 

_ ob beam 1 method of reservoir r construction | has been developed an and tested so tha it 

its , advantages and disadvantages ¢ can be established. In those instances where 


conditions permit its use, ‘it certain advantages ant and a 
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MERRILL BERNARD 


4 


doubt ‘that the necessarily y produces the ‘maximum flood. 
The writer’s definition of the ultimate or maximum storm will be | found to 
qualify magnitude in considering the principal exterior influences on floods— 
the snow-melt contribution to runoff; the loss to flow vo volume, infiltration; and oa 
the loss. _to flow, retardation. Perhaps it would be | better 1 to modify 
still further the definition by r referring to the “effective” ‘maximum storm. wt 
is more important to note t the differences in net effect between storms producing | 
equal volumes of rainfall, in which case differences in distribution through time 

| and c over area result in flood hydrographs of varying shape and peak discharge. — 

| The apparent inability to sustain excessive intensities over any but relatively — 
small areas would indicate the impossibility « of experiencing concurrent mas 


mum precipitation over the watersheds of every tributary of | a basin except in a 


1c. C. Es 13a__ Mr. Gilman raises the natural 


; i case of a very small one. The critical synchronization « of tributary flow, 
like the most critical storm rainfall pattern, will depend largely upon the 
characteristics of the particular basin. the larger basins, synchronization | 
is involved in the direction of s engin tirana, _ This is not to be confused 
with the so-called ‘“‘storm track’ ” comprised of the trace of movement of an 
area of low barometric ‘premare. In certain localities physiographic controls 
Will establish a fairly stable régime in the direction of ‘Movement 0 of the ‘ “rain 
front” of “rain pattern. ”” More often, the direction i is fortuitous, depending 
usually on on the o1 orientation an quasi-stationary front and the timing 


predominate wl the region of hansen is ee extensive to o permit 
the transposition and superposition of storm maps to and upon basin maps, 


r 4 Note.—This paper by Merrill Bernard, M. Am. Soc. C. E., was published in January, 1943, Proceedings. 
Discussion on this paper has appeared in Proceedings, as follows: March, 1943, by Edgar Dow Gilman; 

- Apri, 1943, by Messrs. Clarence ¥ cave Ivan E. Houk, W. G. Hoyt, and L. 'R. Beard; June, 1943, by 
Messrs, Robert E. Kennedy, and L. Sherman; October, 1943, by } Messrs. c RH. Eiffert, and Gail A. 


Hathaway; and November, 1943, by ‘Standish Hall. 
Hydrologic Director, U. 8. Weather Bureau, Washington, D. Ei, 


‘We Received by the Secretary December 23, 1943. 
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BERN ARD ‘ON MET ETEOROL OLOGY AND FL 'LOOD _ESTIM MAT TING Discussions 


o all, or the | greater number, of ‘the s vom given in Table 5 are necessary to the 

nthesis of the flood hydrograph. 
Mr. Jarvis’ par ticularly comprehensive warrants far more 
than can be be given t toitin these closing par: agraphs. His questions 


ABLI E 5. —STEPS IN FLoop Hyprc DROGRAPH SYNTHESIS oa 


Maximum storm Total otal isohyetal map; area-volume relations 
Variation of Rainfall Denth— 
With time Mass curves of rainfall 

Wi i Depth-duration ations : 


over area. ..| Isohyetal pattern, actual or synthetic 

Critical time increment. ..| Equal to or multiple of basin’s concentration period — 
Critical time pattern Arrangement of increment depths i in critical time order eae 
Maximum runoff volume ae mg of total storm to give greatest volume of runoff under — 


minimum loss conditions, to include the snow-melt increment 


Superposition of storm increments to give greatest concentration of 


runoff in critical period 


tributary .| Progressive routing of tribu tary flow to di close critical storm 
Maximum flood peak Most effective combination of conditions for critical concentration 
ee _ of runoff and critical sy nchronization of tributary flow 


ae Hoyt has referred to the progress report (30) of the 1 spec 

Committee ‘on Meteorological Data. This | piece of constructive critici to 
ever, in 
- namely, the need must be demonstrated before fulfilment is made possible 
_ through financial support. _ Engineers have always wanted more precipitation 

data. The Weather Bureau (on appropriations of of less than per capita) 

> was trying to provide | them; but it took the demonstrated needs of flood 

control and soil erosion prevention to bring about the approval of Congress 

= for the establishment of a network of nearly 3,000 recording (intensity) rainfall 
4 stations, several hundred badly needed stream discharge stations, and a se core 


of field and ir indoor laboratories—all now playing important roles in engine ering 


Mr. Houk’s comments on | the distinction to be made between the maximum 
storm and the maximum ‘flood ‘emphasize those. of Mr. Gilman. In gener: al, 


the , magnitude of storm and flood is ; of comparable « order as the upp upper limits. = | 
are approached. | On small w atersheds, rainfall must be | expressed i in terms of © : 
at? intensity for short periods. On lar ge basins the volume of rainfall produced 
by an extensive storm will determine the magnitude of the resulting flood. 


In the former case, there will be a considerable fluctuation in ground s surface 


effects, thereby | the frequency ‘relations between rainfall and the 


8b Numerals in parentheses, thus: (2), refer to corresponding items in the Bibliography at the end of © 
(see A Appendix | and at the end of di of discussion 1 intl this issue. 


| 

> 

g 

— 3 

q 4 

| 
Critical concentration of run- 

7 

: 

> 

— 

| 
— 

4 

| 
| 

( 
i 

t 
3 

s 
i 
— 
4 


- Fe bruary, 1944 BERNARD ON METEOROLOGY AND FLOOD ESTIMATING 185 


flood. In the latter case, initial rains will have reduced infiltration rates and 
will hi ave provided sufficient water to occupy pondage and channel storage 
fully. Thus, the resulting” flood will bear a far more consistent relation to 


storm rainfall than the rainfall of a brief storm over a small area. 
he difficulties i in n detern mining: storn m ré rainfall o ov er 


silt laden’ stream a reach in w hich the hes been 
| SEE flow is confined “within an unyielding channel of fixed dimen- 


a sions, and all the principal factor values are determinable, including the = 


of deposited material and the residual of silt which leaves the reach at its 
outlet. In the equ: ition of moist air flow, adequate means for measuring and 

‘awe quantitativ e expression to the compar: able variables are largely lacking. | 
The i imaginary _ boundaries of the flow channel beyond the assumed inflow 
te 


ection have no assurance of _ ‘The: residual moisture leaving the basin 
is not subject to measurement. 


“upper-air observation on network an be ex ted. to overcome > most ‘of thoes 


‘deficienci ies. 


‘se 


is fairly simple to determine the prevailing of inflow and, 
‘therefore, the basin constant K. Gradient winds can likewise be estimated 
with fair accuracy. The value of R can be found by planimetering the isohyetal — 


“map. 7 It is not alwa ays Lys possible, howe ever, to disassociate v and We in actual 
storms. a ‘his does not invalidate th the basic method of computing the maximum | 
rainfall amounts since, bedi physical upper limit, it would be necessary to 
ASBU e maximum effective 
“ness. ‘Bi is not men al combine. tm at their physical upper 


limits because they are no not completely independent. 


order to develop and Inaintain maximum velocities (w hich i increase with 


height and, therefore, must be integrated throughout the depth of the inflow | 
layer to provide maximum rates of inflow), | there must be ‘Steep: gradients" of 
temperature as well as of p pressure. At thes same time the maximum moisture. 
charge must. necessarily be contained i ina br oad id tongue of moist air 


ized by the ‘maximum possible saturation temperature at all levels. Also 


of the tongue. Thus, the introduction of a temper rature gradient automatically 


~ the moisture chi irge must be horizontally isothermal throughout | the full i 


um 


ral, interested in in An illustration (38) is give en in the case 
nits ‘the Sacramento River Basin where the principal lifting agencies providing the 


mechanism for producing rainfall are the Coastal Ranges and the Sierra 
Nevada, a. . Since these barriers remain stationary, the of deter 
rainfall amounts through computation is -somew hat simplified. The Point 


: Reyes (Calif. ) station was found to be representative for inflow w wind velocities 
‘ the dew points at San Francisco (Calif.) were used as an index to the | 


moisture charge of the _inflowing air mass. It was" possible, therefore, 
complete the computations of rates of r: rainfall by u use of the basic formula, os 
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BERNARD METEOROLOGY AND. ‘FLOOD "ESTIMATING Discussions 

v edt (see Eq ‘Fig. 2 ‘compares the theoretically computed 

“average depths of rainfall over the basin with the. observed depths obtained 
7 by planimetering isohyeta! maps. 7 Fig. 28 shows a comparison of the computed | 
and observed time-intensity patterns | for the storm of February 25-29, 1940. 
. The writer can agree with Mr. Beard in his principles of relativ accuracy, 


‘the validity of which must await the time when observations of the variables 
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gincers are now merely groping ‘toward a of 
“that will a introduce reasonably precise procedures into hydrologic 


design. n. In the meantime, efforts to refine the know ledge on any one of the 


“factors in the sequence | of events from the ‘ “meteorological storm” through 
‘hydrologic storm” to the culminating flood would seem warranted. 
‘The designation of ‘maximum possible” to the storm values discussed in| 


the writer’s — has the intended meaning that such \ values can be approached © 
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‘limit ‘of he As Mr. has” stated, 
values should not be the basis for design in in any except the case W ‘here social 


and psy chological consider: ations dictate security beyond | economic justification. 


Ina any case, it would seem as much an advantage to the flood control designer 
to! know the upper limit | of magnitude of his major factor, the storm, as it call 
the structural designer to know the ultimate strength of his 

The criticism of listed regions of meteorological homogeneity, particular! y 
ast the basis for justifying storm transposition, is readily yadmitted. Appare ently, , 
there is a compensative circumstance jn certain mountainous areas inte 


orographie controls: so stabilize the rainfall régime that the seasonal pattern 
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SporM OF Fesruary 25 (25-29, 1910 


can be used : as a guide to ‘the distribution of storm n rainfall over a large basin. | 
_ The opinions ¢ of Sane. Beard, Kennedy, and Hall have not overemphasized | 
the cautions to be observed in storm transposition. 7 _ re 
‘The Ww riter i is indebted to Mr. Kennedy for his review aw of the work of D Messrs. 
Showalter and Solot: (20). The theoretical determination of storm. rainfall 
could be given only a limited place in the original paper, — i 

It is s hardly correct to >) say that storm tre ransposition is being supplanted by 
area- -duration- depth data. ‘The designer “will alwa ays resort to the e simple 
expedient of superimposing storms over basins w herever homogeneity of 
Tainfall régime exists. Values taken from area- depth curves are meaningless 

—either actual or synthetic. 
Mr. Eiffert’s | reference to the apparent inconsistency in the title of Table 1 is’ 


noted, ~ Area-depth ¢ curves constructed « on a single ; graph for successive cumu- 
lative periods | of time from. the beginning of the storm are accurately referred 
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to as time-area- dle pth curves, w hereas those for separate durations, with no | 


common beginning time, are ‘more appropriately called serves. 
In the work of the Hydrometeorological Section of the We eather Bure: Au, 
‘it has t been f found that at ‘the sts staggered hours of observ ation have proved blessings : 
ine disguise, e, disclosing as they do the times of beginning and ending of rain (39). 
at Mr. Hathaw ‘ay has made a pi wticularly valuable contribution to the paper 
‘in illustrating the steps tow: ard: design objectiv es beyond those involving 
meteorology. . Tha at pertinent storm data will ultimately be made available 
; - the concise | terms s characteristic of the Corps of Engineers should be appre- 
ciated by the civil engineering profession. 


(2) A ‘Report on the Maximum Possible | creme over the Ompompa- 


illage, , Vermont, Hydrometeorological 
‘Section, U. 8. W eather Bureau, | in cooper: ation with the U.S. Engr. 
Dept., Corps of Engrs., March, 1940.00 
(3) ‘A Report on the Maximum Possible Precipitation over the Ohio River 
‘Tributary Basins above Pittsburgh, il Section, 
U.S . Weather Bureau, in cooperation with the 1 U. ‘S. Engr. Dept. . 


Corps | of Engrs., June, 1941, 
(20) “Computation of re Maximum Possible Storm,” » by A. - Showalter 
oo Be Am. sical Union, 194: 2, Pt. 
ol. LIX 
pp. -182. 


“California,” Report No. 3 3, 
Section, Us eather Bureau, in cooperation with the U. Bae. 
- Dept., C ‘Orps | of Engrs., May, 1942, p. 113. 
(39) “Advantages in the » Hour of Observation in the Interpre- 
tation of Published | by Miles Monthly 
eather Review, April, 1940, p. 99. 
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‘THE QUEENS MIDTOWN T UNNEL 


BY yA. A. -EREMIN, AND ARTHUR Tutt 


8 

ALA. E REMIN, 2 Assoc. M. Am. ‘Soc. CR .»«— Interesting details of design 

and construetion for the Queens midtown subaqueous tunnel have been pre- 
sented in this paper. In the “Conclusions” the author has stated that. Sl 

tended research is no longer necessary in planning and designing tunnels for 

highway traffic , * * *”” Although it is true that considerable improvement in 

design and construction of subaqueous tunnels: has occurred in the last two 4 


Method of C ‘onstruction. —it i is well know n that i in tunneling ‘soft ground 
shield driving is the most economic method. ‘ The pre protective blanket is gener- 


properties ‘the blanket, assuring safety a are ‘not definitely 
determined. - On account of defects in the protective blanket , a serious blowout 
accident occurred during the construction of the Holland Tunnel. As a result, 
an 1 improved type of blanket was used in the East Boston Tunnel, which, 
“hey ertheless, suffered ¢ considerable los loss ofa air through the pile hgles at ‘the pier- 
head line. Similarly, much was lost during construction of the 
Midtown Tunnel, as reported | by Mr. ‘Singsttad, 
The Posey Tunnel penetrating soft ground between Oakland and Alameda, 
Calif., although designed almost at the pining time as the Holland Tunnel, was: 
constructed by open-trench excavation and by floating pre-cast concrete seg- 
ments. The shield- -driving me thod » was ee because of the excessive cost 


of protective blanket. 


driving has many advantages, as has been in this 


(1) It ce It caus ses very little disturbance in the. ae This | is —s 
Important because Subaqueous tunnels are generally constructed at highly de- 


,., Nore.—This paper by Ole Singstad, M. Am. Soc. C. E., was published in March, 1943, Proceedings. 
iscussion on this paper has appeared in Proceedings, as iellows: May, 1943, by Messrs. T homas W. Flubr 
and Howard L. King; June, 1943, by Messrs. Francis V. Wagner, William 5 Wilgus, and 8S. A. Thoresen; ‘ 
| September, 1943, by Messrs. H. G. ruthers, Leo Geenens, Charles E. Conover, Edward Levy, and Robert 
F. Legget; and November, 1943, by Orrin L. 
Associate Engr., Dept., Div. of Highway: s, State Dept. of Public Works, Sacramento, 
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sites, disturbance in the ground permits construction twin that 
tunnels close together. The Queens Midtown tunnels were 45 ft apart. Simi. than 


dar spacing of twin tunnels proved ed safe in ¢ driving the Holland» and seca and 


=, 


 @) It may often result in saving of construction time. _ The speed of d Iriv= puri 
=z ing fc for the e Queens: Midtown tunnels w as about 7.4 ft per day. ~ The Lincoln Nev 


7 tunnels were driven at the even higher r: rate » of 45 ft) per day. = Nevertheless, ae 
; because it is an essential part of shield driving , further study of the mechanical 


properties of the protective blanket is highly desirable. 
: Loading.— —An extensive study of loading on nthe subaqueous t tunnel lining fore, 


was made f for the — of the Holland and Posey tunnels. As a a result of acm nece 


earb 


Tineain In the Queens Midtown nT unnel a flattening effect 
lining was observed, thus confirming the | origin: al study of 
Mr. Singstad has shown it important. effects of grouting on n distribution inter 
of loading and i increasing resistance of the ground to the air losses. i. However » & light 
he states that (see heading, “Construction: River Tunnels”’) “The heading w a gr 
dewatered on August 8, 1938, disclosing an inflow of grout and -muck at a of lig 
maximum depth: of 14 ft at the shield and ‘running back a distance of 208 ft walls 
‘in the tunnel. ” Thus, in shield driving, a further study of the methods of rs 


zrouting is still essential. Cor rect routing may contr ol the load on the lining 
8 g 


and the rate of shield iain as stated in the paper. — ve 


In the shield-driven tunnels various types of lining have been used. 
“most w vell- known linings are ‘cast- iron, structural steel plate, and concrete. 

Mr. Singstad states that (see heading, “Design of Structures: Lining for Shield- - 
Driven River Tunnels”) | “Cast-iron lining of the usual design was chosen for 


- the shield-driven tunnels as best adapted to resist shield thrusts and to provide. is 
rigidity and watertightness” and that “* * * lack of uniformity i in stress , may 
contribute to some leakage, * * *.” The cast- iron n segments have ed 
rigid. However, their rigidity is decreased at the connections. Fig. shows real 
= the bolt holes in the segments are { in. larger than the bolts. _ Evidently is 
with such clearance pre-stressing and the u use of a high strength steel for the § |. 
bolts” cannot make the connections as rigid as the segment units. 7 Sufficient City 
_ rigidity ani and w atertightness i in the lining of the Lincoln and Detroit tunnels w ere the « 
with the structural plate segments, which are generally three times 
lighter than cast-iron segments. To resist the direct thrust from the shield = 
the structural | plate liners generally are reinforced w: with old rails or H-sections. efi 
Ventilation. —When the Holland Tunnel was being designed, very. little was” 


known about the ventilation of vehicular tunnels. In | cooperation with the 
-U. 8. Bureau of Mines, formulas for the design of “ventilation: features in the 


tunnels y were developed. Poisonous gas, carbon monoxide, was limited to4 
Oo parts 5 per 10,000. _ After the ‘construction of the Holland Tunnel tests revealed 


8s Engineering News-Record, June 24, 1937, p. 955. —_ 
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that during maximum traffic the amount of carbon monoxide never was more * 
than 1.60 parts per 10,000.% At first it was concluded that the Holland Tunnel — 


and the Posey Tunnel (which was designed on a similar principle) were over- 


equipped. However rer, it was decided later that greater circulation of fresh : air 
purifies the odor wi smoke resulting from combustion of oil in the vehicles. 
‘Neve ertheless, in subsequent tunnels and in the Queens Midtown Tunnel, design 
of ventilation facilities was based on a limitation of the 1 maximum amount of 


‘carbon monoxide. 2. E vidently the physical properties: of smoke and burned oil a 
are different fi fr rom a those of the vitiated air containing carbon monoxide. There- | 


fore, for an economic ventilation 1 design, further study of the smoke problem i is” 


‘necessary, Separate, fresh air outlets one used in the Broadw way Tunnel in 
Berkeley, Calif. It is quite possible that the separate openings may r 
a greater air ‘pressure | at the bulkhead. For | efficient: design of ventilati 


ninimum loss of air pressure at the ventilating fans and at the outlets near r the 


™ Transition of lish, —V arious methods of lighting at the p portals have been 
used to eliminate the discomfort. and the blinding effect of daylight. It 
interesting to determine the various - possible structural details for regul: iting» 
light. Singstad has shown that the belled-out approach structure provided 


a gradual transition of light. t. In the he Broadway Tunnel i in Berkeley, transition 


of light was improved | with transparent roofing between the approach retaining 


Conclusions. poo ehicular tunnels have an impor tant réle in 1 solving problen m 


of growing ‘interurban traffic. _ Therefore, the author should be highly co 
mended for presenting such interesting information on the design and construe- 
tion of the — Midtown Tunnel. | 


~ 
te. 


ARTHUR § 8. Torrie, 25 ‘Pasr- PRE SIDENT AND Hon. M Am. Soc. CE. 


Essential data ec concerning : the Queens tunnel project, with y very complete cia ’ 

de 
nation as to its inception, administration, design, construction, and cost are. 

ay 

y recorded in this is paper. T ‘he ‘profession i is indebted to Mr. Singstad for making 
or this information available not only as a matter r of historical interest but a also 
ws 
tly asa help in the planning of structures of similar character. bey _ 
As is generally the case with all all monumental projects the 

a City of New York, many years elapse between the need for such a facility and . 

um the completion of the final plan, during \ which period v: various pros and cons are 
— ‘given consideration, all of which must be appraised. The possibility of securing 


at federal aid in 1936 was doubtless responsible for the city committing itself 


ae | definitely to the project at that time. — ae The 30% grant, with a 70% yy offered . 


by A, for ‘meeting the entire cost of was 


supporting g and that construction would be delay. former 
a condition was intended to insure against wasteful expenditures; and the latter, 


Engineering News-Record, June 9, 1927, p. 934. 
7 *% Cons. Engr. (Tuttle, Seelye, Place & Ray. mond), New Y ork, N. Y. 
Received by the Secretary December 2 3, 1943. > 
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: relieve unemployment i in accordance with the p primary purposes of the con- 


sressional act under which the PWA was set u up and provided with funds. 7 
‘The tunnel is located between the nonrevenue producing Williamburg and 
- Queensborough bridges, both of which are badly congested during hours” of 
traffic. Extensive traffic studies were presented by the Tunnel 
Authority to support the claim that the Telief to the bridge traffic which Ww ould n 
be afforded by the tunnel would bring, enough business to justify the project 7 
financially sound, These ‘studies contemplated the provision, by y the city, 
of adequate. highway appr oaches i in the Borough of Manhattan and the Borou ho 
of Queens, which were considered essential to the successful operation of the 
tunnel. 7. ‘Had the cost of these approaches been included in the project, it is 
‘more than likely that the project: would hb have been disqualified for a loan on 
- the ground that it would not be self-supporting. 2S Se | 
7 __ Although plans have been developed for a much needed crosstown tunnel — 


to the narrow and congested s streets, overworked by 


yet been made. the Borough of Queens a part of the system 
been constructed, but major links are still lacking. Until adequate feeders 


are provided, the traffic capacity of the tunnel will not be fully utilized, and —@ eng 
revenues will be handicapped 
7 When the | project was finally accepted by: the PW Aa as a part ; of its program ali 
and the “go- -ahead” ‘signal | was given to the Tunnel Au ithority, difficulties began 

to develop: State legislation was threatened which would substitute a bridge | ; bri 


uld 
‘instead of a tunnel; civil service procedure for : a time raised barriers to the 
selection of an engineering staff properly qualified for the work; and rapidly 


of the available funds. Pending the solution of these difficulties, the federal 
- 4 government threatened to withdraw the loan and grant so that the funds could 


-Tising prices for labor and material occasioned a a question as to the i a 
be diverted to projects Ww ‘hich could be put under construction more speedily. Z for 


“During ¢ all of this troublous period, there was very close « cooperation | between to1 
_ the engineering staff of the Tunnel Authority and the engineering staff of PWA, (Th 
the final outcome being a commitment to the river crossing, which necessarily rep 
placed the project on on a list from which there could be no withdrawal. we’ 
a ‘The tunnel, as completed, undoubtedly represents t the latest and best of _— 
"engineering ah j in subaqueous tunnel construction, , and the ‘author is to be 9 dis 
complimented for his success in. overcoming the many obstacles placed in his | ma 
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SIMPL IFIED ANALYSIS 


CONCRETE FRAMES ARCHES 


Discussion 


By J. CHARLES RATHBUN 


J. CHARLES M. Am. Soc is a tendency among 


engineers to avoid reinforced concrete skew arches of the barrel type even when 
‘this type of structure would be more economical and would give a better 
-alinement than the ty pe adopted. Some designers have even used skew arches 
of rib ‘construction with the floor slab cast integral with the rib. ~ One such 
bridge was built with an added slab at the intrados. - Ofc course has who try 
to dodge th the problem not only fail in’ their purpose but introduce o' other * prob- 
lems, of a more difficult nature, in analysis. 
Since 1924 a number of papers on the analysis of the skew arch have been 
- published by the Society.* © a These with their discussions give a complete 
view of the problem and its solution. . Any engineer e entrusted with a problem 
for which a skew arch would make a satisfactory solution owes it to his client 
to review this literature. solution i is offered for arches with fixed abutments.’ 
‘The equations for hinged | abutments were first developed by the writer ina 
report to the Westchester County Park Commissioners in 192 5. Later they , 
were published, along with the method of computing the steel reinforcement. 28 
on offering a pri .etical applies ation of that method, Mr. Hodges’ paper is is ~ 
distinct contribution to this series of papers. ‘He has used it in the design of 
“many “Skew arches for the past twenty years. It is hoped that this paper will 


| impress the profession — with the fact that an analysis of a skew arch can ode 


made and that the stresses in the finished structure can be anticipated with 
design accuracy and at a reasonable cost. 


— Nore.—This paper by Rich: wd M. Hodges, M. Am. Soc. C. E., was published in May, 1943, Pro- 
| cedings. Discussion on this paper has appeared in Proceedings, as follows: September, 1943, by Messrs. 
C.D. Geisler, and Arthur G. Hayden; and November, 1943, by Bernard L. ‘Weiner, and Alfred L. Parmé. 


7 1 Prof, , Civ. Eng., College of the City of New York, New York, N. Y. a _ Sn 


10. C. E 


ye Stresses in a Skew Arch,” by J. Charles. Rathbun, ibid., Vol. ‘4 (1930), p. 135. a3 a 
of Arches on Piers,” | by J. Rathbun, ibid., ‘Vol. 
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The writer ‘proved? ‘ that the “Rankine theory” (in which the force lines 
are parallel to. the spandrel walls and stress distribution is uniform along the 
abutments) is very nearly correct for symmetrical arches loaded with sym 
7 ‘metrically placed vertical loads. . This i is the condition for dead load and full 
uniform live load for symmetrical skew arches. | The Rankine theory is not 
- correct (often: it is far from correct) for unsymmetrical : arches, for unsymmetrical 
vertical loads, and for horizontal loads : such as earth p pressure and forces due to 
Soon after the publication of the writer’s solution to the problem, A. G. 
Hayden, M. Am. Soc. C. E., suggested that the work of analyzing skew arches 

- — might be s shortened by developing equations for the deviation of the stresses | 
from. those obtained by the Rankine theory. these equations the 
liminary analysis | ‘could be corrected. Mr. Hodges has used somewhat the 

- same i idea with the right arch § as the basis of his work. The \ writer would have 

7 preferred to see Mr. Hayden’s s method used rather than Mr. ‘Hodges’ - method 

_ because the magnitude of of the corrections w would have been less. Theoretically, 
the choice is of little importance, , however, as ‘both methods are correct. — Per- 


haps Mr. Hayden’s suggestion led to more involved equations and Mr. Hodges 


has found his solution more practicable. 
‘The e solution presented by the writer in 1924 has had considerable criticism | 
bees ause it does not conform to a Se idea that the “stresses take the 
"shortest ra route to the abutments.” ~The writer has yet t to see a sound quan- 
_ titative analysis of this tendency. » Many tests have been made to show that 
_ the idea is incorrect . Three such tests have been made by the writer.’ ‘ 
To test. the correctness of the theory the Society had the late George E. 


Beggs, M. Am. Soe. C. E., conduet a series of tests on four arches. These 


8 arches all had fixed uaiinaiiie and were tested for vertical loads. . The reac 


tions for these loads were computed by the elastic theory under 


A 


writer’s supervision. . ‘Contours of the influence surfaces « s of the - components of 
he abutment. reactions \ were drawn up for each arch and the methods 
ompared. 10 Models of these surfaces (see Fig. 8) were also made to assist 
in this comparison. _ The tests and the the ‘computations were in virtual agreement 


and: the committee e reported 


“For the practical design of skew arches, the limited number of tests 
which have been conducted indicate that Professor Rathbun’s theory may 


a safely be applied for the computation of the six components | of the; abutment 


After these ar ‘e computed the problem is a simple one in statically determinate 


The models used by Professor Beggs were of rubber with the very high 
a Poisson’s ratio of 0. 34, compared with about half this value for concrete. The 


‘committee decided that the discrepancy ‘‘would change the results of the cal- 


% Transactions, Am. Soc. C. E., Vol. LXXXVII (1924), p. 620. 
5 Ibid., Vol. 98 (1933), pp. 26and 66. 
_ 10*Concrete and Reinforced eee Arches,” Final Rept. of the Special | Committee, ibid., Vol, 
100 (1935), pp. 1551- 15738. 
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culations by only a onal amount. ." 26 In fact the model surfaces chewed that | 
the change would occur in but few areas and for loads over most of the arch 
the effect, would be very little. Designers ~ of right arches, w here the same 
efiect ‘occurs, s, have neglected to take Poisson’s ratio into consideration, with 
‘no serious consequences. 
TT he Ww riter believes that the ‘report of this committee has convinced the 
most. skeptical e engineers that the elastic theory, as developed, is ute 


» One reason that the elastic theory, as developed for the o skew arch, has not. a 


1 been ‘popular is probably the writer’ s fault. In the analysis he used . 


8.—Mope. OF INFLUENCE SURFACE 


metrical approach instead of the ‘method of virtual w ork; he includes horizontal 
and radial shear deformations as well as shortening py to thrust; he also 
developed the deformation due to the several components of the moments. 
Many of these terms have . since proved to > be negligible. — He covered both the 
symmetrical and unsymmetrical skew arch for all types of loading. The result. 


was that the paper became long, cumbersome, and laborious to follow. — One 
critic stated that “No ) arch can follow that much m mathematics, ” to ) which Pro- 
fessor Beggs replied, “Four Princeton arches did.” — "Mr. Hodges seems to have 
overcome this objection. 

WwW ith this ] paper of Mr. Hodges the | question of the design’ of a a reinforced 
concrete barrel skew arch should present little difficulty to those familiar with | 
the analysis and design. of the right a arch of the same type. It is | hoped that. 
the paper will renew interest in the subject and encourage engineers who have | 


arches to design to familiarize themselves with the basic ey and the 


f 


le a 
at 
al 
i0 
eS 
nt 
sts. 
| 
ont 
vale 
Val 


“AMERICAN SOCIETY OF CIVIL ENGINEERS 


A SYMMETRICALLY LOADED 1 BASE SL AB ON. 


— 


AN ELASTIC FOUN ATION 


Dise 
iscussion 


— 


. A. Eremtn," Assoc. M. Am. Soc. C. —The foundat ion pressures 
under an elastic footing vary according | to the elastic properties of the soil and 
the footing. ;. Interesting « cases of pressure distributions under footings were 

strated by P. Krynine’* in Mr. Benscoter has: considered the 


writer has found that the of computing 


for the assumed distribution of foundation pressures is often § sufficient for 


practical purposes. The foundation pressures under the el astic footing may 
be assumed to vary according to to the sine curve in Fig. “u. The e average fo founda- 
tion pressure in Fig. 14 is Wo and the reduction of foundation pressure re at the 
‘midspan i is Wy. - Assume that the footing slab in Fig. 14 is supported by] hinged 


supports at the ends; then the bending moment at midspan will be 
— 


— 12! 0" 


If the footing slab in Fig. 14 is supported by built in ends, the bendin g mol opments” 


at the built-in onde ere 

, 


_ Nots.—This paper by aiines U. Benscoter, Jun. Am. Soc. C. E., was published in May, 1943, Pro- ; 
q “ceedings. Discussion on this paper has appeared in Proceedings, as follows: September, 1943, by Messrs. : 


‘Robert O. Jameson, and L. J. Mensch; and November, 1943, by Alfred L. Parmé. ae ar 
14 Associate Bridge Engr., Bridge Dept., Div. of Highways, State Dept. of re Works, Sacramento, 


1 “Pressures Beneath a Spread Foundation,” by D. P. Krynine, Transactions, Am. Soe. C. E., Vol. 103 = 


— 

— 

— 
| 

a - determined the stresses in the footing in terms of a constant a which varies 
with the elastic nronerties of footing and foundation material However the 
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The example shown in ‘Fig. 8 may be solved by applying Eqs. 48 as shown in 
Figs. 4 and 15. The: average foundation pressure in the footing slab (Fig. 14) 
is Wo = : 3 kips per ft. _ Assume that the foundation pressures vary - according to 


sine curve, Wi a of pressure at the midspan to = 1 _kips 


La 


) 


<a 


3 Kips per Ft 


12.9 Kips per Ft | 
‘11.8 Kips per Ft ; 


| 


-12! on. 


-12' ov 


Kip per Ft 
= 0.0833 


=o 


15. .—DISTRIBUTION OF IN RECTANGULAR 


, Or about 70% of pressure. assu sovemption that foundation 
pressures are reduced at the midspan may be verified easily by tests. The 
bending. moments at the fixed ends of the footing slab (Fig. 14) computed by 
Eq. 48b are M’ = 12. 65 kip-ft. The bending m moments in all members of the : 
 ‘Tigid frame were eens by the graphical method" as shown in Fig. 15. 


6 *‘Analysis of Continuous Rigid Frames by | Graphical Distribution of Moments,” by A. A. Eremin, 
‘Published privately by the author, 1943. 
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The between the resulting moments and those shown by the 


author is negligible, 


Often the foundation at of the footing slab are increas ased, 


§ 
be assumed vary according to the : sine curve, with the maximum -pres- 
sure at the midspan, as shown by the dotted line in Fi ig. 15. 7 ~ Bending: moments - 
in the footing, in this case, may also be determined by Eqs. 48, except that the 


sign before the second ‘terme in the parentheses will be changed from minus 
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RAINBOW ARCH | 
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structure, perfectly adapted ite location credit is due to. 


: the engineers and architects who evolved ‘the design, to the men who built 


the bridge so successfully and expeditiously, and to the writers of the pe 


in this Sy mposium for their comprehensive description of the design and 
construction. 


the laboratory w ork on the two- hinged segmental arch is” 
valuable in itself, its publics ion. as a part of the Symposium is doubtless due 


to the fact that it was of assistance to the ha iagenede in deter mining Ww vr 


two- hinged Ww would be satisfactory for this bridge. 


The use of the e expression “ “classic arch theory” seems ill- advised, ware 


as applied toa two -hinged parabolic arch. The w writer knows of no classic 


arch theory for tw wo-hinged ‘arches. © as Such an arch has only on one indeterminate 


statical force; namely, the horizontal component of either reaction. . An 


expression for this can be readily developed by the conventional method of 
assuming one of the hinges to o be on 1 rollers and equating the expression for oa 


by dividing the arch into sections and using summations instead 
7 ‘integrations. The experimental results would have been more useful to arch 


a -Nore.—This Symposium was published i in October, 1943, Proceedings. Discussion on this paper has 

appeared as follows: December, 1943, by Egidio O. Di Genova, and Charles Mackintosh; and January, 

1944, by C. M. Goodrich, and T. ‘Kennard Thomson. 
- 28 Hayward Prof. of Civ. Eng., Emeritus, Mass. Inst. Tech., , Cambridge, | Mass.; ; Cons. Engr. (Fay, 


8a Received by the Secretary January 3, 1944. Mm. 6 
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designers had they “expressed i in terms of on horizontal ‘component ofa 


the wr writer has found no serious technical difficulties, « especially. ‘when advantage 
is taken of the properties of the position line and t the kernel points. 
_More e experimental work might well have been done to determine thet three 


this type of arch” of which no record appears in the Symposium. 
Congratulations should be extended to the engineers of the Bethlehem 
“Steel Company for their unusually thorough investigations and for their great 
care in the erection procedure. — 7 The thanks of the profession are are due especially 
the authors of the papers on fabrication and erection for their thorough 
treatment of these phases of the construction. It is worthy of note that 


“safety | nets were used and that no fatalities occurred during the construction 
the bridge—an_ unusual record. Another interesting feature is that the 
7 -erectors used capsules in n or der to establish the total crown forces and concluded 
‘that hydraulic j jacks are reasonably accurate Ww hen : applied forees are | 
on the side of the reaction. ‘It is hoped that in the closures a 
detailed description of these capsules will Il be given. ‘The writer’s experience 
with hydraulic j jacks for determining reactions has not been entirely satis- 


factory. He ‘notes with interest that the j acks ere calibrated in a testing 


- assumes that it was s not found convenient to use : provi ing rings for this ek 
The- writer has used proving rings on various s statically indeterminate struc- 


‘The flexibility of the arch ribs is not surprising; the same thing was netieed 
7 by the writer during the construction of a plate girder roof arch—a horizontal 


ary at one end ‘of which was made without difficulty by iene laborers 


pushing the arch end horizontally. | or 


An An unusual feature of this bridge is the use of steel keystone pieces an and 
¢ method of introducing them into the arch ribs. This i is the first time, 80 


far as the w Ww viter knows, that such a device has been used, although o one im- 
portant concrete arch bridge, designed by the writer’s firm, was 


“erected as a three e-hinged arch and made two- hinged by closing the center 


One of the factors that is always of great interest to— engineers is that of 


Bas the total cost divided | between foundations an and superstructure, or, 
if let at a unit price basis, the pound price of of both silicon and carbon steel. 
Iti is hoped that. the authors, in their closures, will ; give such information. 
‘The writer assumes that consideration was given by the designers to the 
advisability « of using a light-weight floor and that such a floor—either ‘light- 
weight concrete with bituminous surfacing or steel grating—was found uneco- 
-nomical. It would be interesting to have this eae iain in the authors’ 


‘ 


_-9*Weighing Bridge Reactions with Proving Rings,” by C. M. Spofford and C. H. Gib »bo ms, Engi- 
neering News-Record, March 28, 1935, p. 446. 
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appreciate receiving information as to the high points of its design, fabrication, 


. The many illustrations, the history of f the design, ‘Table 1, and 


work and the bridge engineer will 


the natin of quantities are very interesting and one nearly lost feature of 

the art has been disclosed; namely, the advisability, from the fabricating stand-_ 
“point, of designing the center line of of the arch as a a series of multicentered 

Greular arcs, first masonry and metal arches were built of 


it whether so 
centers were necessary. “Although a bridge engineer will note with 
_respeet the mathematics and the practical features of the erection 
he probably would have liked n more information on the. evidently highly s suc- 


“details on 1 the conerete deck, ‘the fevnn used to avoid an n accident ‘similar to 
‘that which occurred on the Golden Gate Bridge," * the kind and spacing of the 
expansion joints, the kind of system of 


ment has been ‘oan regarding the silinens of the bridge under pale~a ques- 
tion of greatest: interest for an arch rib with | a depth of one eightieth of the span. 


According to the Symposium authors, the unusually, shallow ribs necessi- 
tated the abandonment of the “elastic theory” and ihe substitution of the 
“deflection theory.” The writer supposes that the ‘ ” is the 


mathematical theory of elasticity, except that certain ‘ 
ments are not considered: Trev 


j 
Poisson’ 8 effect; 


‘ As 
(3) Shear deformation; 
(4) Vibrations due to loading conditions; Recto. k 
(5) Changes of temperature during ¢ critical loading; tr 


(6) Variation of the modulus of elasticity in the 1 various parts of the tiie 

mG ‘Deformation of the line of the arch rib for the equation of 


moments and in the elastic equations. 


Ts phenomena are clearly and completely appraised i in the « oldest treatise on 


‘metallic arched bridges, analyzed by the strict mathematical theory of elas- 


Early writings also emphasize the computation of deflections of the 
due to rib shortening, ‘shrinkage 


to use ribs so ) shallow a as to cause excessive duinction ea to a moving ul. 
¢ 
Civ. Engr. and Contr., Chicago, IIl. 
, p. 377; and | April 22, , 1937, a 
8 ‘*Recherches analytiques sur la flexion et la résistance des piéces courbes,” par J. A. C. Bresse, 
Paris, 1854. 
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BRIDGE Discussions 
No real, valid reason has been given in this Symposium why this soun sound — 
been ‘disregarded. ec comparatively large deflections, the problems are 
treated in textbooks on elasticity | under the heading, “Elastica,” an expression 


irst used by Leonhard Euler. 


The writer holds some reservations as to the v validity of Eqs. 18 to 21. For 
_ example, Eqs. 18 and 19 contain only two o indeterminate quantities—H and Mona. 
‘The symbol M’, refers toa statically deter minate moment of the exterior forces 
ina a simple beam and is not concerned with the missing indeterminate value of 
the reaction at the left springing. - To ignore the latter will i intensify th the he con- 
To design a bridge, its span, rise, width, dead load, and live load must be — 
_ known. - Often there is a choice of span | and ‘Tise—greater spans may reduce 
_ the cost of the foundation, ‘and greater rise may save in the w eight of metal 
in the arch ribs. Suppose some preliminary designs have prescribed span and 
‘Tise | -and number of ribs. . The dead load « of the roadway does not vary much 
from 150 Ib “per sq ft regardless of span. ‘The weight of the ribs may be 
approximated from handbooks | on bridge design. A nearly correct formula 


the horizontal al component of the is given by: 


in which w; = the dead load per linear foot on the rib, at the crown; ; Aw. = in 

crease in ‘dead load per linear foot at t the springing, due to the spandrel columns 
a and the greater weight of ri ib; f = the rise of the a numerical 
4 fs r the shorten- 


ing of the arch under load. 


= the permissible stress in direct compression is assumed as one half the 

maximum permissible s stress, then Eq. 39 may be used for a close approximation 

~~ the area of metal required i in the rib at the crown. - ‘The depth of the rib is 


governed by the live load and deflection caused by it. Modifying and simpli- 

ing the prior work of M. Bresse,* the w riter has derived the following funda- 
mental formulas” for the statically unknown values gener: rated by a 
concentrated load P at point the. elastic arch: 


Vertical component of thrust, at 
L (L — 


15 PL, (L 


‘and moment at the left sp springing, in a clockwise direction®**— | 
ax 


%“*The Reinforced Concrete Pocket Book,” by Mensch, Publishing Co., San Francise 

1909, p. p. 154 and Fig. 68,p.155. 


2 


| 
‘a 
> 
: 
j 
| 
horiz ust, H— 
— 


MENSCH ON RAINBOW ARCH BRIDGE 


In Eqs. 40, in addition to the notation of the Syn mposium, La = the neared 
from the left end of the arch axis to t the ined P. 


stant s section, and ones can be for a a parabolic ofe constant, 
. ratio oT. _ They may be used safely for arches of the Rainbow type. 


Fora circular flat ar ch, or for a parabolic arch of constant = , 


ds 
For the Rainbow arch, is not Eq. becomes, 


The bending at a1 any point x, y of the areh e: can be cor computed by Eqs. 40, | , thus: 
the unce x from the left end to po oint x is less tha La; 
Mo 


and, when z x 


= 

influence lines can | be constructed for determining the critical loading for 

en the Tn the case of a a uniform | load moment at the 


Of co ourse, ‘Eq. ‘43a is strictly ec correct consts value 4 


decreases = at the springing, the. ma xximum value becomes 


Mea = = 0. (430) 


By interpolation ter the Rainbow arch where ders 


> 


Adding 10% for impact stresses, Mos 0.0204 X 1 380 x 950 = 25 ,400 00 ft 


kips for the Rainbow arch, ‘compared with 28 ,850 ft- ips reported i in Table 1, 


5. This” difference may have been caused by assuming a 


load of 2 26, 700 Ib acting about 150 ft from the springing. 17 The moment then 
0.07 26,700 950 = 1,775 ft- kips, w Ww vhich, ‘increased by 10%, makes the 


wey he Reinforced Concrete Pocket Book,” by L. J. Mensch, Neal Publishing Co., San Francisco, : 


r 
- 
_ 
he 
la 
| 
s greater than La, 
ns 7 
al 
1e L= 0 and L, = 0.4 L, or by computing the area of the influence line bet eat. 
those limits. For this case, _ 
is 
5 
a) 
U 
— 
Ic) 
scO, 
j 


total ‘moment 27,353 ft-kips. The latter value checks very ¢ closely the 28,850 
kips | given in the it is generally believed that the greatest 
moment ai and the greatest de deflection from a distributed load occur at the 
quarter point of the span. n A concentrated load at the three-tenth point 
spss a slightly greater moment in the arch, and a distributed load over the 
half span produces a larger moment at the three-tenth point than at the quarter 


- point. _ Furthermore, the deflection is greater at the three-tenth point than at 
_ For many years it was was standard practice (and it is still a recommendable ~ 
procedure) to design an arch bridge of the Rainbow type for a movable load on 
4 the half span { from the springing to the crown, except tl that the crown section was 
designed for : a a uniform load extending -over a distance L/6 on both sides of the 
crown. | - For a uniform load on the half span, the three statically indeterminate 
quantities can be obtained ed by bitin Eqs. 40 between the limits L, = =0 


| 


3 (tension in in the top of the arch)......(44¢)_ 


a+ 


and the moment at the crow crow n is 


may be obtained 


w 
») 


is 
, 
4 
q 
| 
— | 
ga 
A 
ja 
The moment at the nght springing is 
— noment at th 
q 
ey, 
— The equation for the deflection of the elastic line : ir 
oe g the fundamental equation of flexure, ag. 
—— in which, for a uniform load he half span du 
oa in which, for a uniform load on the half span, 2 
— M=V2z-Hy Mou 
and, by double integration, fi 
4 
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ie ad the movement is t upward. Iti is important to know whether there are any 
é - moments acting in the arch 1 rib when the bridge is uniformly loaded o over the 


entire s Eqs. 40 between the limits = Land L, = 0: 


4 4 
2 


Also, at the crown: 


te 1919 diseussing a a paper on ‘this ‘subject by, the: late George | F, Swain, 
| ast-President Soc. C. E. , the writer presented a ne new 
c) derivation of the Bresse equations, for the deflection and rotation of : any ele- 


of a curved member, as follows: 


rey tee 


‘in which ds is an length | measured along center line of 
52 demonstente that the deformations linear functions of the 
exterior forces and reactions, showing that ‘the law of superposition is valid | 

for the deflections well as for the > stresses. M. Bresse uses them to deter- 
‘mine the statically unknown 1 reactions. _ Subsequent Ww writers have introduced 
other methods such as the theory of virtual velocities, theory of least. work, 
ellipse of elasticity, Maxwell’s equations, Miiller- Breslau’s equations, slope 
deflection, etc., all of which lead to equations that must be simplified consider- : 
ably before they reduce to the simple forms possible by the Bresse equations > 
directly. *2 If the proper value of M is introduced, the writer’s derivation of 


inn *% Transactions, Am. Soc. C. E., Vol. LXXXIITI (1919-1920), Eas. 17, 18, and 19, p. 660. 5 
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the Brease equations” is s valid for a ‘simple beam, a continuous beam, a rigid 

frame, a three-hinged arch, and an arch with two hinges or no a 
a Contrary to the implied limitations ‘expressed by the Symposium authors 
Eqs. 39 to 51 are quite sufficient for the design of an arch of the Rainbow type, 

and the results agree well with those given in Table :.. To particularize: 


(1) From Eq. 39 and Fig. the thrust at the crown is found to » be 
H = = 5,810 kips for the dead load, as compar pared 
with 5,911 kips in Table 
(2) The bending moment from the dead load load, The rows, n, by "Eqs. 50 50, i 
+ X 950? X 0.011 


320 ft-kips, as compared** w 


(3) The maximum bending moment from live load, at the crown, by E qs. 
- 44 to 50, is M = 0.0057 x 950? X 1,380 = 7,100 ft-kips. From Eq. 41a, 
M = 26, 700 950 0.0 047 1, 200 ft- kips. Adding. to the sum 100 
+1 200) 10% for impact gives 9,130 ft- kips, as compa ed with 8, 700 in 


aw (4) The mechanics for analy zing the effect of | a temperature drop shal 


fixed arch was presented by the WwW writer det uil, in 1929. The 
analysis offered at that time yields, for the parabolic ; arch 


in which = = coefficient t of ‘temperature expansion. n. The moments the 


7 


F or the Mainhow arch the coefficients of Hei in ‘Eqs. 54a and 54b ) are 0. 7 and 


adropo 


@ 3, respectively. The deflection of the crown due to a ¢ rop of temperature is 


obtained easily by means of Eq. 52c, and very a by the relation = 


» or the Rainbow arch, w vhen ct = = 0. 0004, et in. Assuming a a tempel rature 


~ 
or 


= “50? 144 (1 +0. 


Correction for 7'ransactions: In Table 1, line 4, Col. 1, change 434” to 434.7 


36 Transactions, Am. Soc. C. E., Vol. 93 (1929), p. 1252. 


— 


— 


— 
Discussions 
; 
‘ 
| 


February, 1944 AMMANN ON RAINBOW ARCH BRIDGE 


; as compared with 93 kips in Table 1; and M. = = 84 x 0.3 X 150 = = 3,780 aad 


_kips, as compared with 4,255 in Tablel. 
6) The effect of an error of 1 in. sil Nie 7: sad the e effect ect of a drop . 


temperature of 60° y, as the latter would cause a potential shortening of | 


0. 0004 x 950 x 12 


een 5 5 and 6, ‘Fig. 6. By Eqs. 47 to 50, - 0.0096 x 1 x 
= 11,950 ft-kips; and, by Eq. 41a, M = 0.0596 X 26,700 X 950 = 1,455 ft- 
Kips. A Adding 10% for impact 1 to the sum, M = - 14,745 ft-kips as compared b 
with, 13, 470 {t- kips ym point 5 in Table 
7 ) The moment due to live load at the left springing agrees very well with 
“Table as it remains pony to the 


live and of ature are of great interest. Deducting w weight 
oft the rib (because of the method of i the dead- load deflection - the 
; erown is ‘computed by Eqs. 50 as 6, = = 4.2 

loaded across the crown, the live- i ad deflection at the crown n,* 3 = = 3.8 in. 

For the temperature drop 6 6, was found equal to 8 in. and the shortening of the 

arch rib_ due to live load © was 0.5 55 in. The total (4. 24 3. +6 + 0. 55) is 

16.55 in. By Eqs. 44, 45, and 48, the live-load deflection at the three-tenth 

point, 6 1,380 X 9504 12° (1 + 6.8k) =7 


lo aded and a constant © T is assumed. Because « of the larger moment of inertia 


near the springing the actual deflection should be 20% less. With | live load in 
the half span, the deflection by at the three-tenth point « oom d by the shortening 
of the ¢ arch i is equal to 6, = 0.7 x 0.55 = 0.39 in., approximately. The corre- 
sponding | dead-load deflection 5, caused by the shortening of the arch is equal | 
to 6, = 0. agen 4.2 = 2.9 in., approximately ; and the temperature deflection, 
> = 4.19in., ora a total of about 14.48 in. os Although, , possibly, these deflections 7 
may be ne 20% on account of the increased stiffness of the rib toward the — 
_ Springing, they are nendly twice as large as those assumed by the authors on 
the basis of the deflection theory. 
A particularly valuable part of this Symposium is the inclusion of Table J 
which: enabled the writer to comps ure the results of the ‘ ‘elastic theory,” as_ 


” 


, with the “deflection theory,” defended by the 


when the half an is 


0. Am. Cc. —The designers a and constructors 
of the Rainbow Arch Bridge deserve credit for having produced a most excellent 
structure, both esthetically and technically. The : arch type of bridge, like 

its predecessor, 1 undoubtedly itself as natural so 


Cons. Engr., New York, N. Y. 
Received the Secretary January 24, 1944. 
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the steep rocky : sides of the river banks are eof sufficient height 
ove the arch ribs—an- arrangement 


= The is enhanced or any arch the structural design, 

‘more particularly the selection of slender solid- plate arch ribs in place of deep 

arch trusses which have heretofore prevailed i in arches of this magnitude, 

The adoption of solid- plate’ » arch ribs in this bridge was ur undoubtedly ‘made 

possible and economical by the recent advances in theory and structural 
design as as well as i in methods of fabrication and erection, and, 
- dences a further milestone in the art of bridge ¢ construction. _ 

_ The design of the graceful imposing arch span proper | te kept | dilate to 
structural necessities, free from ornamental or architectural embellishments. 
short. approaches -surmounting the rocky slopes are ‘appropriately de- 
a. to appear as massive arch viaducts; their contribution to the monu- 


mental “appearance | of the structure ‘undoubtedly justified | the additional 
expense involved when compared to light steel structures exemplified in some 
similar eases, 
- ‘Under the g given conditions the adoption of the hingeless type of arch <i 
was unquestionably most appropriate. A two-hinged arch of satisfactory 
performance could have been designed but, as is indicated by the authors’ 


- comparative figures, such an arch with | slender solid- -plate ribs would have 


been considerably less economical than the hingeless type. 


The arguments s might be advanced t that the two-hinged arch is statically 
in ‘a lesser degree and that yielding of the foundations, or 


-inaceuracies in workmanship and erection n, especially at the rib 
cause more serious secondary or supplementary stresses in the hingeless arch. 7 
Neither of these arguments could | be of practical importance in this case. 

‘The determination of stresses, « even in complex statically indeterminate 

, structures, has : advanced to a stage w which, for an important structure, does not 
admit greater simplicity of a argument. Provided there is no 

external yielding, the “stresses. in any w vell-designed and well-built statically 

7 indeterminate structure can be determined with the same e degree | of reliability 


w well- -equipped constructors, of netical 


ne view w of the slenderness of the ar arch ‘ribs, which v wi as undoubtedly « dictated 


7 by the practicable make-up of the solid- plate section, the deformations s under : 
load could be expected to be appreciable and to warrant investigation of the : 
‘stresses by a more accurate analysis than the so-called “elastic theory,” more 


= particularly s since in an arch the differential stresses fi from - the deformation are 


al The designers have made such an investigation, at least for certain points, 
:.. and id have developed : an analysis and approximate for formulas for more accurate 
om which, : as far as they have been applied, “appear to be. adequate for 
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F ebruary, 


this seems to the writer, however, that the permissible 
limits should be assigned to the accurate stresses and not to the ones determined © 
by the inadequate “elastic method.” It is true that in 1 this particular case 

the more accurate stresses, as far as calculated — by the designers, are still z 


within safe limits, but it would seem that, in general, and particularly in 


"te this connection, ‘Gee writer has long held bees view that the t term “elastic 

theory, by which ‘the analysis of stresses in an assumed rigid system has 

become known n, i incongruous and misleading. Ifa special term for it appears 

: desirable it shed be the “theory | of the rigid epee”; and what has become 

known and referred to in the first paper of the Symposium as the “deflection 
theory” should be termed, in distinction, ‘ “theory of the flexible system.” 

-) ninimantalie there is no distinction pon the two, except the degree of 


accuracy, both being based upon the laws or the hypothesis of elasticity. . Fo or 


‘most ¢ ae: structures in which the changes i in the form of structure under 
loads are negligible, the theory of the rigid system is sufficiently adequate. 
_ For more flexible structures there are different “theories of the flexible system” 


depending upon» the > degree of ‘accuracy desired or justified. . Any desired 


degree of accuracy may be attained by a method of trial and correction, by 
- more or less elaborate cut and dried formulas, or by model tests. - The authors, 


very wisely, have resorted to > all three methods in an effort to check the 1 results, — 


at least at certain critical points. 
The research w vork on two- his 
paper of the Symposium, and the method of analysis derived therefrom, Should 


“prove. of aid to the designer, especially i in connection with rough preliminary 
ith the the dei is the kind of research that deserves to be er in connection 


It i It is regrettable circumstances did not permit the 
to be extended to include a complete check « of stresses ona model representing 
the hingeless arch of the Rainbow Bridge : as s actually built, and it is to be 
_ hoped that opportunity for such a study will present itself in the future. yi 


accurately determined stresses from the maximum specified loads within 
Bess to a hypothetical yield load, but rather limits the accurate unit stresses — 
_ maximum design load to certain safe stresses based upon the qualities — 
(especially the yield point) of the material. 
as third and fourth papers 0 of the Symposium reflect the elaborate and 


| 
| 4 accurate method. The differential stresses cannot be classified as “secondary” —_— 
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4 ‘thorough : studies and preparations made by the constructors to insure accuracy 


‘in workmanship and perfect control of the stress conditions during er erection. — 
Transactions: In October, 1943, Proceedings, Fig. 6, 


1172, change span dimension. to 23° Panels @ 39 = 905’ 43°”; see 
v 


- footnote 160, page ‘1215; in Fig. 10, ‘page 1184, show a tangential displacement 
point a; change Eqs. 3, page 1184, to read: u cos — vsi sin 6; and, 
sin +0 v COs 6; in which v is the tangential « displacement. Int the usual 


blade in Figs. 16, 17 and 19, change W in all cases, to DL; in Eq. 16, page 
1187, change " “Mae” to Maes on page 1197, delete the sentence beginning on 
- line 8: “The apparatus * ee ‘the fixed-end moments” ; and, on page 1199, 
line 10 following Eq. , 23b, change ‘ ‘Master of Scie nce” to “Civil Engineer.’’ 
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RIGIDITY AND AERODYNAMIC ‘STABILITY | 


OF SUSPENSION BRIDGES 


By EDWARD ADAMS RICHARDSON 


arp ApaMs RIcHaRDSo? Esq.7°— -Although this be 
| ie primarily to aerodynamic considerations, the calculation of vibrating 


tems deserves comment. or ex ample, the w ork of H. Reissner,® >on n modes. 


of vibration, should be cited. Mr. Reissner represents the period of ‘oscillation — 


of the cable alone 1€ (Pen i in seconds) | by the equation — : 


4% 


\ nr 


in Ww which | (in: to the notation of the ps aper), is coefficient, depending 


- 


on the s sag not g greatly different from 1. 0. W ith C= = 1 0, this. 


equation can be derived from that giv ven in the Encyclopedia _Britannica® for 


taut: strings; hence it applies to any flexible suspended cable, string, or chain 


of uniform weight. Theodor “von ‘Karman, | M. Am. Soc. C. E., and M. A. 


Biot!® have shown that the period of vibration Pon of a ellen beam, uni- : 
formly loaded, , Suppor ted at the ends, ‘may be represented | by the equation a 


de 


in which w should be the dead load applied rm one girder when J is the moment 
of inertia of that girder, excluding the corresponding: weight of the cable and 


The combined period Pz, of cable and its cor rresponding girder (in seconds) 
may be found from the fundamental cable period P.;, the fundamental girder 


 Nore.—T ‘his by. D. Steinman, Am. Soe. C. E., was published in November, 1943, , 


7 Special Engr. ., Bethlehem Steel Co.; Partner, Edward, Nellie and George Richardson, ssid Pa. 
Received by the Secretary January 11,1944. 
8° “Oscillations of Suspension — Hans Reissner, of Mechanics, A.S.M. E., 
Hill 


10‘*Mathematical Methods in by T 
Book Co., Inc., New York and 1940. 
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or Ps the ratio g = through of th the ec 


‘This simple method of combining cable and either the girder or truss periods, 
,™ obtain a combined period equal to that of the bridge for vertical oscillations, 7 
substantially the same results as Eqs. 1 and 6. Itis sufficiently accurate 
ter he bridges of interest from the standpoint of aerodynamic instability, as 
Mr. Steinman suggests. _ Torsional periods may be derived from Eqs. 67 by 


multiplying by a coefficient! of the form provided it is remember ed th: at 

~ weight of cables and suspenders forms part of the span cross section wh 0 : 
polar radius of gy ration is to be used. 
It should be emphasized that the author’s K-limits for flexible bridges, 


constructed in a similar manner and of similar materials (such that the several _ 
‘eable and girder systems are substantially independent) should not be 


‘sidered: to apply to structures departing materially from such type similarity 
~ “imany important respect. 
Part 3 —Aerodynamic Excitation of Torsional Oscillations —It is regrettable 
that this paper contains so few references to the theoretical and experimental 


work that has been done in the field of aerodynamics. 


For example, », the paper is s based on the : alleged necessity that both lift and 
moment curves of the cross sections of bridges shall have regions of negative 
characteristic trend. Yet such curves probably never er apply to actu: il bridges, 
and it can be shown by the work noted in the Encyclopxdia Britannica? on wires 
a 4 made to vibrate by uniform wind streams, by the work of D. Thoma” on the _ 


lateral vibrations of circular cylinders i in| uniform streams of Ww ater Ww Ww hen n the a 
4 "spring factor and damping were varied, as well as by | papers of other writers, 


_ that no such necessity exists. . Furthermore, the tests » onwW w hich this charac- 


| 
f 


Fra. 10. .— AIRFOIL CHAR ACTERISTICS 


teristic was found, w ere made ona ‘model of low aspect: ratio (short compared 
wth the model width) and do not a agree with those made at the Guggenheim > 

Laboratory at Pasadena, Calif. on models of, effectively higher 


aspect ratios (which tests were given in the same report)" 


11 ‘The Failure of the Tacoma Narrows Bridge,” a report to the Hon. John M. Carmody, A Administrator, a 
"Federal Works Agency (see brief résumé in December, 1943, Proceedings, p. 1564). . chi Se 


2*Flatterschwingungen von Zylindern in gleichmiszigen Fidssigkeitsstrom,” by August Meier 
_ Windhorst, Mitteilungen des Hydraulischen ] Instituts der Technischen aditaiataia Heft 9 9, Miinchen, — 
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Me’ Referring to Fig. 10, a an airfoil _ a chord b’ is set at an —_ of os 


- @» to the direction of the uniform wind stream which has a relative velocity v 
remote from the airfoil. The area of the airfoil projected on the plane of the 
chord and span is Ais. The resultant force RK crosses the chord at a distance 


Cp from the leading edge. . They vertical component of Ris the lifting force L, 
- the horizontal — is the drag force D . As used i in Fig. 10, ¢ repre = 


5 
4 


‘lift 


vr wy 6 


drag coefficient— 


wiv 


‘and, moment coefficient (any axis)— 


For e oscillations, the moment coefficient Mc about the center of the 


chord is desired, or, if found by the formulas— : 
r = Crcosay + Cp: (69a) 
and 


—will approximate the desired value. : 


When the airfoil shown in Fig. ll suddenly acquires a velocity v relative 
“to the : air at rest (or, when the air “at infinity” has the velocity v v relative to the 
tinfoil), a vortex is formed which travels away from the airfoil at a velocity 
less than », swirling in the direction show: n. Any change i in relative velocity 
will cause the generation of a vortex of appropriate ‘magnitude and sense. 


In Fig. 11, any | sudden sudden stoppage would set up a vortex equal i in magnitude to 


ared 
‘Fre. “STARTING” EX 


that of the starting - vortex, but of opposite rotation. OA As long as the airfoil 


maintains its velocity ata constant angle Aw, it will be found that the circulation 
remains constant around the airfoil. 


__ Circulation rs may | be assumed constant for pervert of wing with a 
length « dx — the sg] span, in the plane, at : z feet from some mene reference 


gher 
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point, perpendicular to the and parallel to the air stream. In vector 
— 


- 


in which dis” is the vector point: ve elocity o on the path ¢ of integration, and ds is is the 
stews element of the path « of integration at the sa same point. Thus, circulation 


has the 


Remote the airfoil i in wind stream of velocity v free from 


zero. is ‘normal to da and be, ‘the integr ral these sides of ‘the 
“square is zero. - Since 0 is the same for ab and cd, whereas ed = =- ab, the” 
— sum along these two sides i is zero. — Hence, for a uniform wind stream the circu- a 


~ lation must be z zero ina any part of the wind stream where the } path of ‘circulation 

does not cut a vortex system. (se 
Referring aga ain to the starting vortex oe. 11), | the path ABCD encloses 


‘entire system. of y wing and starting vortices, and is remote from both, so 
the circulation along it is zero; but along the path BCD the circulation must 
correspond to the strength of the starting vor tex. Hence, along the path 
ABD , the circulation must equal in m: agnitude that of the starting vortex, 


a be of opposite se sense so that it the sum may be the zero required for the path — 
4 


ent 


For a finite airfoil with free wing tips, the lift distribution spanwise may be 


represented by | the ordinates of a semiellipse whose major axis is the > span b” 


whose semiminor axis is I'y at t= = The value of L takes the form of p pv 
times the e integral of L db” Ww hich in turn may b be taken as T, 6”. Thus, any 
change in lift may be due either to a change in v, a change in I’, ( | 


r a combination « of each. 


Fig. 12 shows ar rectangular wing with a chord b’, and a span b”, in an = 


eg with a a velocity v remote from the airfoil and directed normal to the span. 


The wind area Az, equals b’ b”. total wing ‘circulation producing lift is 
shown by the curve 1 whieh i is defined 


| 
T, 
A tip vortex is being gener ated continuously. _ This i is true only for the finite ‘ - 
wing, since a wing of infinite s span or one with shrouded tips would have no tip 


— > ork is — to a these vortices, anda = D; of the drag 


— 

4 

= 

— 
Ws 
4 

of span db” shall have the value’ 

q 
a 
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D furnishes the resistance required, or the induced drag. _ The remainder of 


the drag i is the profile drag Do, which is equal to D- - Ds ~ The value of D; ;may 

be found from the equation’® 
L 

Eq. 73 is used i in converting the data for a wing or wing model of one aspect. 
| ratio to those for some other aspect ratio. It would not apply very con- 
- sistently to the models of the Tacoma Narrows Bridge due to the action of the 


tip Vortex Axis 


To Starting i 


Fic. 12.—: AIR For FINITE WING 


longitudinal girders. ~The effect the tip vortices is to produce a a descending 


velocity component in ie Ww: ake of the airfoil. #&F or infinite span length, Eq. 73 
q becomes Zero. 


Assume a model (Fig g. 13), for which the 1 angle » of attack is zero o in a uniform 
wind stream of velocity v remote from the airfoil. A Assume also that the e entire 
drag D is now the profile drag Dp due to the friction of the air stream on the 


ies) 


Fre. 13. —Tue VON KArMAN 


airfoil. Above ¢ the very low est values _ of v, the trailing air stream contains 


: vortex elements E and F Ww hirling i in one direction, alternating with others, a as” 


G and H, whirling in the opposite direction. — The velocity u in the ‘arn 
| system i is lens than », relative to the airfoil. Fora steady system of this type,'4 


“4 “Applied Hydro- and Aeromechanics,”’ based on lectures of L. Prandtl, by O, Tietjens, — Hill | 
Book Co., Inc., New York, N. Y., 1934, p. 130 et sl i 
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0. lis for period Pry the drag, 


for the vortex for example it could be ten sured a 
path BCD, ‘Fig. 13), the. circulation along the path ABD about the airfoil 
‘section m must be of about the same magnitude . as that for E but. opposite in 


direction, since the circulation along ABCD is almost zero. _ The other vortex 
elements (F, G, and H) have slight influence. Hence the circulation about 


the airfoil section must vary with the same. frequency a as that for vortices E to F 
from + E to — E. By the Kutta-Joukowski theorem, the lift L normal to 


th the chord must vary correspondingly. _ Hence a periodic lateral f¢ force acts on 
any “lifting surface” (even a circular cylinder) when placed i in a uniform air 


It is convenient to use the parameter 7 n introduced by Mr. Thoma to. de- 
the behavior of airfoils , in which 


w hich is the same as 


Other writers!® have used the parameter 


terms of this parameter, Mr. Thoma” found that n = 5.0 for a stationary: 
circular” cylinder. With low damping, oscillation of cylinders occurred at 
“values a as low as 4.73, initially, with maximum oscillations | at values greater, 
than 6.00; but ‘amplitudes decreased rapidly, toward the end of the critical 


region, to about 6. 8. ‘The Encyclopxdia Britannica’ used 5.41 for the vibration 


k 


of wires in a wind stream. _ In the case ‘of bridge floors, it is probable that = 


value of 6.0 would be approximately correct. Tests on wing flutter)* and wil 


of oscillation. How ever, since the characteristic 
B, , of 8 an n airfoil i is measured parallel t tot the air flow (and therefore i is s correct only 


wind ‘ailing the angle y with that normal is bY sec y. Thus the wind velocity 


must be increased i in direct ratio to sec 'y Y to keep the von Kérmén trail period 
sharac- 
teristic: dimension, using “with ‘it ‘only the n normal velocity of the 
: wind, v cos 4 Y As the energy of the wind increases with », it is probable that 
greater becomes, the more certain the wind will be in starting oscillations. 


4 


For example, the tests of Louis G. Dunn” showed that the Tacoma Narrows 
Bridge would have negative « aerodynamic damping, with torsion at n = 2 for 
values of v greater than 25 miles per hr. With 7 = 6.00, a value of v of 27 


‘16 “General Theory of Aerodynamic Instability and the Mechanism of Flutter,” by Theodore 
-'Theodorsen, Report No. 496, National Advisory Committee for Aeronautics, 1935. 
16 **A Study of Wing Flutter,’’ by A. F. Zahm and R. M. Bear, — No. 285, , National Adv isory 

Committe for Aeronautics, 1928, 
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would be needed. failure, the wind velocity was 42 
hr, with y= 50°, so that the normal ‘component was 27 miles p per hr. The a 
agreement in this case is. excellent. Mr. ‘Steinman’s computation requires 
miles per hr, but he fails to mention the influence of wind direction and the — 
wide difference between his results and the model tests made by Mr. Dunn. 

T he von Karman trail seems adequate to account for the motion of the bridge. -_ 
It provides a method of approximating wind velocities at which failure, or 


serious vibrations, may | , occur, but no one can be sure that they will actually 


is possible" toe express the equation for profile drag in the form 


ery cimnma that, at constant drag, and n may take various values, with a 
tendency for the trail period to be unsteady. | ‘Tf, instead of a uniform appre 
ing air stream, the air stream is turbulent, with a circulation changing i irregu- 


larly in period and intensity, there are two factors | tending to — in 
producing the lifting surface circulation. Iti is quite possible | that a n par 
4 structure (or one that i is SO stiff that the oscillation per eyele would oa small — 


compar ed with the range of disturbances in the circulation; or, one with large _ 


_ effect) would show no signs of oscillation at the critical velocity of air | 
Give na reasonably small starting oscillation, however, “it would 

nd 
proceed to increase in 1 amplitude» with continued wind action because, when the 
surface } does onctlinte 1 under the governing control of spring frequency, periodic 


starting” vortices are superposed on the von Kérmén trail 4 and 
the trail _unstendiness tends disappear, favoring increasing oscillation 


If a bridge i is so light or flexible that it tends to undergo foreed oscillations 


of importance, even relatively small degrees of von K4rmén trail or of turbu-_ 


ie nee in in the air stream may suffice to set up important amplitudes of ‘oscillation. 
; | ‘This wa was true of the Tacoma Narrows. Bridge which revealed | many modes of 
‘oscillation when the wind velocity exceeded 5 miles per hr. Other bridges 
have shown trains of waves crossing the span, possibly set up by a short gust. 
at some point of the bridge length (not a a gust enveloping the entire structure), 
as in the case” of the Golden Gate Bridge. 
In passing, i ‘it is t to be noted that the action of wind on ‘on towers may be im- 
portant because the: tow owers generally have b’-values qu quite » different from bridge 
The low power input at very small amplitudes, and the rapid rise in power 
input” as the amplitude increases, were well by Mr. 
_ One example is given in Table 7. _ Since the kinetic energy varies as the square 
of the amplitude, the gain in energy is about 3.5 times as great in each second - 
as in the preceding second. = _ Many tests showed no certain s starting from Test — 


_ “Suspension Bridge Oscillations and Failure,” by Edward Adams Richardson, a report to ded 7 
— Board on Suspension Bridges, Bureau of Public Roads, Federal Works Agency, November 13, 1943 (revised). 
18 Reports to the Advisory Committee of the Bureau of Public Roads, Federal Works Agency, 


- Netuers) Span ‘Suspension Bridges, by Sterling Johnston, January 1. 15 and “May 25, — (unpublished 


— 


— 
q 
| 
q 
(75) 
q — 
— 
— 
t | 
@ 
> 
a 
iV 
d 
| 
C- 
1e | 
or 
21 


RICHARDSON” ON AERODYNAMIC STABILITY. Discussions — 


ina asia wind stream, but did show this form of increase in amplitude w when 
: given si small initial amplitudes. 17 The tests suggested strongly that turbulence 


has a marked effect. It should be remembered that in the case of the Tacoma 


TABLE 7.—VARIATION OF POWER little damping in ‘either the mod- 
Mr. Steinman has given equa- 7 

Amplitude tions for bridge “damping that 
are | not general, since material, 
type of construction (such as 
welding or ‘Tiveting), and the 
‘introduction of damping 
vices may change structural be- 
“havior greatly. To reduce, or 
prevent, oscillations, high initial 
damping or friction is s essential. 
should high to limit oscillations if sudden impulses 
upa amplitudes which might otherwise lead to wider SW ings. For example, 
‘the dead load of the bridge floor and ‘supports ‘might be transferred to the 
trusses or girders through friction shoes resting on friction slides attached 
= trusses or girders, so that a slight change in relative po position, a as on changes 
— in deflection, would be opposed by the high starting friction of such sliding 
devices. Such an arrangement might be sufficient to oscillations, 


escaping from the. irregular turbulence range of forced oscillations, from 
growing, when the general air-stream speed is is with some par- 


a Oscillating airfoils h have been studied extensively and 


, contrary to bil 
author, so have the phase relations presented i in the ‘paper. ‘ It i is unfortunate 
that Mr. Steinman’s studies did not include the ¥ von Kérmén trail effect, as 
_ that concept i is essential to a workable theory of the ‘Starting of oscillations fr om 
= rest by : a wind stream. Tests under conditions a appropriate to these studies 
= _and theories, in which he von Karman effect was small, checked the theories 


quite 
> It is essential that the theory of probability | be considered in determining 
the possibility of oscillations being started by the wind stream. . Resonance 
in general requires that, to produce its maximum effect, the oscillating force 
‘shall have a frequeney varying, within narrow limits, from that of a given pos- 

7 4 sible bridge frequency. . The wind speed at such theoretical synchronism is cal- - 
_ culable, as has | been noted; but the trail frequency itself tends to be irregular, 
= and for heavy 'y and stiff bridges the force per cycle i is capable of producing = 

“ a very small oscillation amplitude. — Only at appreciable’ amplitudes v will the 
‘governing effect of the bridge frequency, as an oscillating airfoil, produce trail 


he ‘*Force and Moment on an Oscillating Airfoil,”” by H. Glauert, Reports and Memoranda No. 1242, 


**On Some Reciprocal Relations in the Theory of lows, 
No. 629, National Advisory Committee for Aeronautics, 1938. 


of the Theory of Oscillating Airfoils, by jAbe and Upshur 4 
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requency Hence, a light and flexible bridge, which can be given 
. an appreciable amplitude with a short train of impulses that happen to ~ 
quite ¢ close to the frequency required, is much more likely to begin vibrating 
than a a stiffer and heavier bridge for which the probability of a sufficiently long a - 
impulse train with proper ‘frequency i is small. ‘The: succeeding, out-of- frequency 
wave trains tend to ‘dampen the slight motion started. Tf, in 1 addition to the 
irregularities of the von Kérmén trail, turbulence irregularities of the wind — 
- stream itself are added (which | there is no reason to expect will be of the 
proper frequency), the chance of producing oscillations greater than the 
irregular trail and turbulence effects is slight. Hence the Ammann criterion 
separates. the usual types of bridges and bridge construction into two classes: 
es bridges and non-oscillating bridges) much n more sharply y than would 
“appear: reasonable. Howe ever, because | a bridge has not oscillated or failed 
ina wind stream of critical il velocity cannot be considered a guarantee that it 
~ may not fail, since turbulence varies considerably with conditions; and it may 7 
be possible for vibrations to start with reduced turbulence. It is of the utmost 
importance ‘that von Kérmdn trails be studied further with respect to forces 
applied and steadiness. At the same time, turbulence at the bridge should be 
_ studied, for various wind velocities and directions at different times, so as to | 
- evaluate possible ranges and the relation of such phenomena to the n pr noel 
Ina any case where oscillation can start, the limiting amplitude w will be that. 
at which t the work done by the given wind on the 1e bridge i is just ‘dissipated 
two winds with the same normal component, the one having the 


higher velocity will produce the larger oscillations, since the forces are larger. 
The tangential component has been neglected herein, but it cannot be ignored. 
In general, vertical oscillations in phase with the wind will not be free from _ 
small torsional oscillations of the forced | vibration kind, and vice versa. pisos. oo 
Part 4.— —Methods ‘of Securing Rigidity ar and Stability — —The fact 
that Tigidity, of the kind discussed by Mr. Ammann desirable needs no 
discussion. _ The statement by the author that R, the proportion of rigidity . 
= by the stiffening structure, should be large, because of “ accom- — 


a limits set assume aiaianiniay independent vibration by the two ote 
normally used. The transverse diagonal stays recommended by the author 


- are intended primarily to pr prevent torsional oscillations : and thereby the 1 possi- 
“bility of torsional failure. _ ‘The action is perhaps somewhat different from that 


- described by ‘Mr. Steinman. If displacement of one cable relative to the 


other begins, | anything that reduces the load on the. descending eable and 
transfers it to the other cable will tend to keep the cables in mare 


“Pat ‘Turbulence Factors of N. 
tt, Report No. 558, National pe AE Committee for Aeronautics, 1936. — 


Con * Report of March 15, 1943, by O. H. Ammann to the Subcommittee on Model Studies, pm 


¥ mmittee on the Investigation of Long Span Suspension Bridges, Bureau of Public Roads, Fetes Public 
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wave 


- effect 0 of the interchange of load on stability was observed by A. F. Zahm and 
R. M. Bear.® Since a diagonal consisting of one half the suspenders will be 
fully | loaded with a deflection of th the order of 1/10, 000th of the possible ampli- 
tude of oscillation, the stiffening effect of such diagonals i is extremely | great. 
Oscillations are beng before re they can start, and normal torsional moments 
handled easily. y. No: increase in suspender size is needed when half the 
suspenders a are in the diagonals, for the 1e action is similar to that of the lacing 
bars of a lattice column. — Furthermore, since vertical oscillations cannot be. 
totally independent of torsional ones (small and forced), such diagonals will 
reduce but not prevent vertical oscillations—that is, unless the amount of 
reduction limits the possible | oscillations to the order of those forced by the 
Obviously, the longitudinal diagonal stays of type act 
petiarss similarly to the transverse diagonals, since two floor points are 
“connected to one cable point. 4 If one floor point tends to move downward, its” 
: load is transferred to a cable point farther along the span an and tends | to cause 
— that point to follow suit. wll Hence, such a system of stays may very well act to 
“4 prevent vertical oscillations. The two o systems together should make a very | 


flexible bridge » act as as though it were much n more rigid. — The additional weight 
_ Clearance considerations might limit the u: use of diagonal stays to the. end 
portions of the bridge. . In that case!” diagonal : stays in the center section, 
from a cable across the , adjacent walkway to the edge of the floor, could be 
added for measurable control. The center walkway i is thus forced outside of 
the girders; but since bridge oscillations s depend on the f floor width, 0’, the 
use of one width in the center and another at the ends would in itself operate 
to limit oscillations. The two sections (having different von ‘Karman trail 
periods) v would not be in synchronism at the same 
The author’s description of the outer floor construction and of open vail 
ways is not clear. For instance, the statement (side heading, Part 4, “Use of 
- Open-Floor Construction’ ), “The solid middle strip of ‘roadway contributes 
to aerodynamic stability by atmospheric damping action” ignores the fact 
that no such effect occurs when most needed; that is ,W hen the bridge and trail 
haul As noted, center s stays are of value as sis heen they last; but localized control 
leads to large. forces, whereas di distributed control, as by, the use of the two 
types of diagonal stays, 8, permits no such forces to develop as may destroy the 
_ Although differing materially from the author on many important points, 
‘the writer tends to with him in his final conclusion and might that 
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UNUSUAL CUTOFF PROBLEMS—DAMS OF THE 
~ TENNESSEE VALLEY Y AUTHORITY 

the 


Wit 2 
‘BY BERLEN C. MONEYMAKER, 


as BERLEN Assoc. M. Am. Soc. C. E interesting 


valuable record of how a serious and difficult foundation problem was 


i solved ‘successfully i is presented i in | Mr. Hays’ ‘paper ir in this Symposium, ‘Solu- 
tion channels create foundation problems at nearly all limestone ram sites, 
but the large channel at Kentucky Dam presented a problem of unusual 
magnitude, involving both bearing strength and watertightness. far as is 
known, this channel is the largest solution cavity ¢ ever to be encountered and 
treated in 1 any pa part of a , dam site. It lies. entirely below v the water. table and 
is from 70 ft to 100 ft wide at the e top: (El. 289), decreasing in width with depth 7 
to El. 70+, , where it ; disappears. — ey The linear extent of the channel is unknown, . 
but | it is more than 1,000 ft long, and there is good evidence that it is more 
than 2 ,000 ft long. The channel extends across the lock and dam in the 
direction of N 02° W, but. its trend changes to N 07° W a short distance ~ 


Immediately downstream from the lower here the cutoff was 
effected by a subterranean arch dam 195 ft high, built. from the top dow mward, 
the channel is 70 ft wide at the top. It extends downward without a any 
“appreciable decrease i in width to El. 217, where it bifurcates, and from here 
the two prongs taper to extinction at about El. 70. The channel was 8 nearly 


ond - completely filled with residual chert and clay, sa sand, and blocks of limestone. 
d that Th the upper region of the channel the limestone blocks are flat-lying : and 


"Appear to be but little out of place. : Although the channel was formed by the 
| eli of the rock, it was never a large open cavity. _ Solution progressed 

long numerous ¢ 

‘along numerous closely spaced parallel joints, producing a series of vertical 
channels which subsequently were filled by material which slumped from the 
sides ar and from above. Solution, followed by cavity | filling, “progressed until: 
nearly allof the rock in place was dissolved. == = = | 


q Norg.—This Symposium was published in November, 1943, Proceedings. 


‘Chf. Geologist, Geologic Div., TVA, Knoxville, Tenn. ij 
“Received by the Secretary D ber 23, 1943. 
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a os The deep solution channel was not found in the early stages of exploration; 
in fact, it nar discovered little in advance of the actual excavation of the Tock 
in the area involved. Although: the Geologic Division of the TVA did 
conduct the exploration activities at Kentucky Dam, it is ; appreciated that it | 
was not practicable, however desirable it might have been, to “drill closely 
a ‘spaced h holes to within 100 ft of sea level over ‘the entire dam site. _ As the dam 
alone i is about 8,700 ft. long, the total area under exploration was more than 
= ,000 ft long and several hundred feet wide, and ranged in elevation from 
300 ft to nearly 450 ft. With the exception of two small outcrops, bedrock 
was ‘covered by an o overburden of alluvial and residual materials whe +h varied 
in tl thickness from 20 ft to 110 ft. In view of the thickness and continuity of 
‘the. overburden, the e necessity « of locating the exploration hol les on | fairly wide 
centers, the relatively narrow and linear character of the channel, and the 


. presence of large and little disturbed blocks of limestone in the. cavity filling | 
down to EL. 230, it is not surprising that the channel was not discovered in | 


the course of the preliminary exploration. 


= Thee exploratory drilling revealed that, in places, the rock in the lock area 
was” extensively dissolved, that the solution cavities | were predominantly 
‘weliel 4 channels, and that some of the cavities e: extended to great depths. 
Prior to January, 1939, only two holes, both relatively shallow, had been 
pte! into the channel. Both holes encountered numerous — filled ‘solution 
cavities (blocks) of As the 


drill no ‘clue as whether the solution cheanel was 4 ft wide or 
100 ft wide. _ Hower ever, as additional holes subsequently \ were drilled, it became 
evident that rock w was y and dissolved i in certain 


drilling soon revealed the linear of the zone, its width and ‘its er 
and the extent of solution within the zone; but the details of geology as shown 
in the geologic section (Fig. 9) were not fully appreciated until excavation for 

a). Precisely how the cutoff of this large channel was effected is very clearly 
and concisely reported i in Mr. Hays’ paper. ‘Hei is to be congratulated upon 


contributing to the en engineering - profession such an excellent record of the 


‘hae at Hales Bar Dam has been ntend to so frequently i in “engineering 


_ and geological publications that it has been accepted as the classic example of 
dam built insufficient foundation investigation, ‘preparation, and 


a ‘When Hales Bar Dam am was built (1905-1913), the science of engineering 
a geology had not been developed. — Att that time, large masonry dams were few 
in _ number, were widely separated geographically, and were built with little 
no geologic investigation. _ Even until 1933, most | large masonry dams in the. 
United States were built without: more geologic investigation ‘than a few 
cursory examinations by one or more consulting geologists. Until 1930 
American geologists almost, unanimously of the opinion that “solution 
cavities could not develop in limestones lying below the water table. It is 
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-MONEYMAKER ON CUTOFF PROBLEMS 


ut an adequate 


it is doubtful whether a mere 


not geologic investigation of the type current from 1905 to 1913, w without extensive 

it it exploration with cor core. » drills, would have revealed in advance the serious 
sely JB founds ation defects w hich caused trouble a and delays du during construction and — 
Jam appreciable leakage after completion of the project 
han _ Hales Bar Dam is located on the Bangor (unrestricted) limestone of 
Tom "Mississippian age. The formation consists mainly of limestones with which . 
rock are interstratified shaly layer ers of various : thicknesses. — The limestones, i in the 
iried main, ar are quite pure, , containing as much as 99% calcium carbonate. Struc- 

ty of turally, » the rock is almost horizontal and is cut by ‘numerous joints and a few. 

1 the As ‘stated by Mr. Schmidt, much of the rock under Hales Bar Dam is 
illing cavernous. _ The solution cavities, which are quite numerous in certain areas 

ed in have developed mainly along joints, faults, and bedding planes. Some of 
= them are large and open, and they are present down to El. 480, or more than © 
100 ft below the original river channel. on 


antly. 4 ” In effecting a cutoff under the dam, intersecting 18-in. holes had to be 


-_ - drilled and d concreted t to depths as great as 100 ft. The > cavernous cl character 
been of the rock rendered the task difficult at best, but the difficulties were enhanced — 
lution appreciably by large volumes of water under considerable head, moving through ; 7 : 
is the the cavities at high velocities. 
ertical _ Mr. Schmidt’s paper is timel ; and is of considerable interest to both — 
vide or engineers and geologists. — In 4 view of the w idespread interest in the leakage 
ecame. problem at Hales Bar Dam, ‘the paper is a valuable report. on an entirely — 
Deep method of cutting of off excessive leakage, 
deep In both papers of this the of detailed geologic work i in 
tensive the solution of the problems at hand is obvious although perhaps not suffi- 

depth, ciently emphasized. , At the Kentucky project the geologic work was done, 
; shown -Suecessively, by Roger F. Rhoades, Portland P. Fox, Assoc. M. Am. Soe. C. E., 
tion for | and Leland F. Grant. The g geologic studies involving the “deep solution 
‘channel, discussed by Mr. Hay Ss, W ere made first by Mr . Rhoades and later — 

clearly by Mr. Fox. ‘Hales Bar Dam the work was done first t by Cecil B. 
od upon McGavock, Jor. ., and later | by John W. Frink, Juniors, , Am, Soe. C. E. The 7 


of the geologic exhibits used in the two papers were adapted from drawings omuanil 


Corrections for Transactions: >In 1943, Proceedings: Fig. 13, 
Stations 20+90, ~20+10, 14470, and 14+10, change “Leakage Paths” to 


“Fault Lines”; i in Fig. 15(6), ‘Page 1425, , change ‘10 in. on center” to ‘10 
on center,” in two places; on page 1431, line 9, change “3 ft to 5 ft” to “2 ft 


| 


to 3 ft”; in Figs. 21(z) and 21(3), pages 1432 and 1433, interchange symbols 


eerilg 
0: fer for holes 31 and 35, and holes 32 and 30, respectively; on page 1433, line 6, 
little or change ‘6-in. pipe” to “3-in. pipe’ ”; in Fig. 22(f), page 1434, subcaption, change 
as in the ‘Section B-I” to “Section B”; on} page 1439, line 6 5 from the bottom, change “No. 


12 gage steel’ to “No. gage steel” | page 1441, line’ 9, change ‘20-i in. 
holes” to “20-in. ea: 

to “20-in. casings ; in Fig. 27(f) change ‘ ‘Root” to « ‘Rock ; and in 
Fig. 27(i) change the caption to read “(i) Section through hole and casing” 


liners and 6-in. tremie pipe.” 
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“SOCIETY OF 


SHEAR EFFECT ON THE ‘STRENGTH 


LE EON [BESKIN, AND MA MARSHALL 


Soc. E. 7¢_Extended treatment 


Brsxin,? Assoc. M. Au. 

‘conditions involved in Assumption 5 is superfluous, since it is accepted perfor 

‘as the conventional basis of any elementary approach to the problem of the 

instability of struts (see heading, “Introduction: Assumptions”). 
‘The list of assumptions is incomplete, since those leading to Kq. 2 

" pressing the relation of moment to curvature when the state of stress is er 

pure bending, and the more important assumptions leading to Eq. 9 are 


a omitted. ul In that respect, it is to be noted that the values. given for the cor: 
stant K are approximate. a ‘This | constant varies somewhat with the method | 
of applying the load. ¥ It is “approximately « equal to 1 for I-beams, A bein 


valid hee beams on two. supports (a) the end moments ar 
_ wero, or are equal; and when (b) there are no applied moments in the span. 
‘at Moreover, in this form, Eq. 9 must be extended to include ‘concentrate 
—at each point of application of a load P, thus giving a variatio! 
of shear AV. a _ Eq. 38 represents a a sharp angle of the neutral line of the strut 
‘It can be. derived simply by integrating Eq. 9 along s an infinitely small elemet' 
dx on which ch a constant load i is applied. l. It purports to express a variation df 
of the shearing force, although the correct proof of its validity « can n only be 


Os Norz.—This paper by S. Sergev, Esq., was published in November, 1943, Proceedings. = 
Senior Stress Analyst, Consolidated Vultee Aircraft Corp., Allentown, Pa. 


Received by the Secretary December 6,1943. 
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*& of Eqs. 5b and 10a. _ Incide ntally, the two quantities y, » and y Ym m that w would | 


7 For problems i in which the principle of catia does not apply, as is 
the case for buckling, the distribution of the deflection y into two components, 7 
Ym due to bending and Y» due to shear, is improper. _ It is easily seen that, if cave 
the deflection due to bending is neglected, there is no deflection due be shuer a 

in the problem discussed. More generally, when side load exists, two condi- 


tions can be considered: 


WwW Vithout 1t longitudinal load, = Ym + Yr. deflections 4 Ym and Se 
are computed, first that — = 0, and se second that 5 0. In: thin 


case, , the two components have meanings. 
(6) W ith a a longitudinal compressive load, y > >1 Um + Yr, if eit the two compo- - 
nents are computed as in Condition (a - : 


di'tec. two component curvatures ed and — wile defined by the right members 


“result from the integration of Eqs. 56 56 and 10a, once y is known, have no 


significance, although their sum is equal to y, provided they are both equal | 


A concentrated transverse load the ‘neutral axis strut. 


Thus, Eq. 21 = (32) is not 


forees in gin a and 6 of the strut ¢ at the 7 point ofa 
respective ely, 


Vs 


(In Eqs. 40, (ya) ‘and a are the he slopes 0 on both sid h sides os P. ys 


of shearing force at Pi is v6 


a. 42 can easily be transformed into 


Theory of Elasticity,” 
London, 193), 103. icity,”” by 8. 
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Discussions 


calculation would be changed sin ‘wou uld by 


| 
7 Ve Vs Using g Eq. 43, Eq. 24b is is changed to 


Iti is ; apparent that the final « equation sought by the author is modified con- 
siderably by the foregoing correction. 
Bre constants y and ¥ are not directly related to the | slope of the axis 
a and are equal to the slope only when definite conditions are fulfilled . They 
define the angle between — the perpendicular to the average direction of the 
- rose se section, as distorted by the effect of shear, and the neutral axis, 
ib It is incorrect to state in a general manner that “the curvature due to 
bending of a built-up strut is independent ¢ of the type of lattice used” "(see 
_ paragraph following Eqs. 26). For instance, the buckled shape of the members 
of a strut that is latticed only by batten plates is a wavy curve, and, if there 
a a few battens, only an average, badly defined curve will be identified 
with the elastic line of a solid strut. Theoretically, it i is impossible to separate, 
definitely, the effect | of shear of bending, and the values of are 
valid only when several conditions are satisfied. _ For instance, the buckling 


between diagonals | or battens must be such as can be disregarded. ¥ A thorough 


_ investigation « of the pro oblem has has been presented by Julius Julius Ratzersdorfer. " 


Application of of | Eq. 44 will ch vill change Eq. 29 as follows: pare 


E Eqs. 31 will be changed to: 


Fig. 3 must be ec corrected correspondingly. The values of Bs and t ‘t that satisly 


Eqs. 46 and 47 are easily computed when w is entered as an independent 


Using th the Eq. t becom mes equal to 
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February, 1944 BESKIN ON STRENGTH OF STRUTS 

8 remaining g the same as in Eq. 480. The cc cor srrected and erroneous curves are 
both plotted in Fig. 5. The error can be estimated to vary between 10% and 7 
15% of the variation of t due to the effect of shear—that i is, of the difference 


which is always too great in the author’s calculation, 


mm... general conclusions stated by the author are well known. | The 1 method 
ais -etealttion ere is an application to a special case of the g general method 


a Equations 46 and a7 


—RELATIONSHIP BETW 


derived by Ss. and Eq. 24a is the application of the 
general formula established by Professor Timoshenko! to the condition in 


(1 — ki Li cot ky Li) — 


— | ‘The A 
York and by S, Timoshenko, Ist Ed., McGraw-Hill Book Co., Inc., New 


7 
by 
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aa 


In Eq. 50, when ky = 0: 


= = (ks)? = = (ke n? =a;and = 


Noting that, for infinitely small values of Rad fever 


= foree i is inane to the replacement ¢ of the dnoment of inertia I by a » decreased 


KP 
moment of inertia J =e 1-45 AG anal: shows that, in Eq. 52, m must be 


replaced by hereas. unchanged. By substitution, Eq. 24a is 
» derived Pll Sgr ane containing the error related to the change of slope 
a : P, and- making unnecessary all the development presented in the paper. 
If the correct formula, Eq. ” ‘is applied to Eq. 52, the latter becomes 


which is ‘identical 44 the changes are made in the 
notation. 


MarsHALL Hour," Assoc. M. Aut S00. ©. B the design of latticed 


struts it may be desired to have the effective slenderness ratios about the two 
- principal axes equal so t that the computed column strengths for bending i in the 
tw o directions will be equal. In other words, the question may - be raised 38 
to | how far apart tw channels, used in the numerical example, need be 
placed : so that the column strengths about the axes y and z will be equal. | aa 
= Eq. 34a will be useful in this study. Instead of finding a a fictitious length 


of the member, as the author does, one oon find the necessary radius of gyra ration 
it] 


Te ‘Thus, instead of Eq. 34c, one can write 
d 


> 
in rr ry = the radius of gyration with respect. to the y-axis; and r. = = te 
Tequired radius of gyration about the e axis. It the then that 
of of Elastic Stability,” by 8. Timoshenko, Ist Ed., Book Co., Inc., New 


Research Engr., Aluminum Research Laboratories, New Kensington, Pa. 


Ma Received by the January 18, 1944. 
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rs alt 32 


55 are quite like Eqs. 35. nies: is because the 


value of B depends on the size and arrangement of the lacing bars, and these 
have not yet been determined. A trial solution is possible which | consists 


_ essentially i in checking a trial value of r, by means of Eq. 55) or the curve of 


1.4 


Two 15"x35" 
——Channels 


i 


latticed 
the two 
in the 
raised as 
‘need be 
ual. 


OF r: TO Ty FOR SrRENGTHS FOR Bexpina ABOUT THE z AND AXES 


Since B is an inverse function of slender 
to ry should be relatively larger for small slenderness ratios than for 


ry slenderness ratios. In other words, for a given system of lacing and a 
- given size of lacing bar, the relation _— the two radii of gyration should 


9 In problems of design it might be ‘practicable to plot. curves of the type 


| shown i in Fig. 6 for the system of lacing and s size of bars under consideration. — 
For this purpose, , the first scale of abscissas (scale a) | is in terms of B, the 
second (scale b) is in terms of the slenderness ratio about the z-axis, and the 
third (seale ¢) is is in terms of the slenderness ratio about the y-axis. Scale c¢ was 
tained from scale b and the indicated values of the ratio r,/ry since the ; 


229 
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bers 
-slenderness ratios | are in this inverse ratio. For : a certain length of column, 
«say 320 in., the slenderness: ratio about the y- axis is 57.4, and the required 
ratio of rele, ' is 1.15. The necessary value of r, is found to be 6.41 i in., and the :: 
_ distance back to back of the channels (14.28 in.) follows from simple computa- 


In some cases it ny net be desirable to have the column strength for 

P a a bending about the two axes equal because of diff different conditions of restraint 

or support in the two directions. — In this case a factor of proportionality of 

the column strengths can be introduced int into » Eq. 54. The is the 

same as that for equal column strengths. 

A procedure similar to that followed by the author was = aplie to nundl 

o on | the ends by Ernst in 1941. 


line 5 of “Synopsis,’ change ‘is for struts of constant cross Sections” 
‘i ‘is derived for struts of different but constant cross sections” “| on pages 


a 1448 and 1449, change definitions for ¢ and B to read, respectively : 2 =a 


"parameter dependent ‘on the dimensions of the column and the 1 material 7 
(Eq. 30)”; and “B=a porsaneter dependent o on the dimensions: of the column 7 i 
and the ‘material (Eq. 32)”; on "page 1449 in Eq. 2, Eq. 3, , and line 1 below 
1 Eq. 2, , and on page 1450, line 3, change “Tp” to “7”; on page 1449 in line 2 - 
below Eq. 2 delete the y phrase ‘ ‘in the bottom segment”; page 1455, in line 1, 7 
a 
186 Knicklast ” by Ernst Amstutz, Bauzeitung, 118, August 
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SOCIETY OF 


DISCUSSIO 


MILITARY AIRFIELDS 


SYMPOSIUM | 


Jay 3s B. Newman, Jr.,5 Esa. 
by war, requires modification of design and of construction of f airports at every 
Only ‘a short time ¢ ago the experienced airport. engineer found no par- 
if 
ticular problem | in the design of a runway pavement. — His specialized knowl l-— 
edge was supported by the experience of hundreds of able highw: ay - engineers, 
and by years of accumulation of data resulting from traffic tests and scientific a 
; research. — _ Today the > problem i is vastly different. Loads applied to pavements bs 
on military airfields have no o precedent in either airport o or highway engineering. 
_ The necessity for wide Tunways- with comparatively flat crowns and almost 
negligible grades, coupled with a ‘requirement of broad graded a areas on either 
side and at either end of the pavement, renders drainage of airfields and of 
runways a much more > complex problem than drainage of streets and highways, 
q even prewar airfields; and yet drainage, always of prime importance in 
design, has become increasingly critical 
n the face of the requirement of constant change of design, the engineer 
been difficulties. _ The expansion of the 


"striking power could be be of ‘no use , unless large numbers | of planes, ‘manned by 
properly trained crews, are hurled against the enemy. ‘The constant ‘ery 


_ been, therefore, for extensive work rapidly performed. There has been no 


time for exhaustive research, for the development of ideal methods, for the 
has been repeatedly required to complete super-airports in less than six months: 
the need for the developments first has been announced. There has. 
been no opportunity for long deliberation on choice of materials. . W ith the : 
~ priorities | system, the _ engineer has been forced to accept the materials, | equip- ; 
ment, and man power available, and, somehow, to produce the required cir 


— 


Norz.- —This Symposium was published i in January, 1944, Proceedings. j= vit 


Om a Brigadier General; formerly Colonel, Air Corps, U. 8S. amy, Chf., Buildings and Grounds Section, _ 


e of Commanding General, Army Air Force, Washington, D. 
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om ON MILITARY AIRFIELDS” Discussions 


*4 That the Corps of Engineers has met the challenge of this gigantic saiien 


is proved | by 1 the success of the construction program. _ The few unsatisfactory | 7s 


have an explanation. In almost every case the result. ‘was caused by the 
2 demand for speed. Completion has been required by definite dates because [| a 


‘ oa units have been activated and the initiation of their training has been scheduled | as 
for those dates. _ Labor shortages, nonavailability of materials or equipment, 3 


‘rain, and freezing weather have been obstacles, but: completion dates, never-— | 1 
theless, have governed. Ins spite of these difficulties, « almost without e: exception, 

the facilities have met the exacting requirements 0 of the Army Air ‘Forces. — a ss 
It is difficult to add to the very complete outline of design and construction | 1 


puation presented by Colonel Stratton. His observations are in accord not 
9" the practices of the Corps of Engineers, but also with Air Force 
policy, and are supported by Air Force experience. 
aise Colonel Stratton has indicated the reasons for the se selection ¢ of a modified | ; 
- California test method for the evaluation of subgrade in the design of flexible — 
"pavements. This method is s is subject to erratic results i in tests on some of the | 
‘many types of soils encountered in the United States, 2s, and further modifications q 
of the procedure Tay | be required i in the future. The personnel of the Army | e 
Air Forces charged with the development of airport criteria and the planning 


of f facilities is inclined t to be a: of the California method, but has had § | 
no logical alternate to offer. More positive results might have been obtained | q - 
‘through the use of extensive field bearing tests, but, as Colonel Stratton a 


‘indicates, the time available for design and construction mitigated against — 


oe. Nevertheless, plate bearing tests have a definite place i in the determination a 


strengths of completed pavements. training program of the Army 
‘Air F orces is far from static. * Changes in the use of facilities develop : suddenly J - 
and often. ‘Installations are now numerous enough to permit some degree of 2 
flexibility i in the assignment of airfields for specific purposes. +. Positive knowl- 2 
of actual developed strengths of pavements would insure, to a marked 


degree, against unnecessarily high maintenance costs and possible | occasional 
complete failures. These tests can be made while the airfield is in operation, 


_ = therefore, the element of time no longer takes precedence over more : 


~The drainage airfields is a subject that cannot be too s strongly. y stressed. 
There is no surer way to failure than inadequate and improper drainage for © 


< 


wide expanses of. pavement designed for heavy loads. Ponding on runw vays, 
“even, to a ‘relatively minor extent, creates an operational hazard, and may “lid 

~ result in excessive e interruptions of activity. T The airport engineer must master the 


subject, or confine his efforts to desert areas. Wh 


- ae Engineers who have not been e engaged in the design of military airports 
recently ma may have some difficulty in visualizing the loads for which pavements ony 


are designed. The lightest pavement— that for a Class IV military airfield— 
compares favorably with many high-grade federal highways. Several stater 
- Hmit truck loads to 26,000 lb gross on four wheels and 32,000 ‘Ib gross on six Thi 


wheels. — Yet the Class IV — will ‘accommodate nothing bigger than the 
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The Class sirheld, intended primarily twin-engine trainers: an 


transports, and for most fighter types, is designed to carry two- -and- -one- 
times the normal highway truck “‘wheel load.” 
r _ The Class II airfield, designed for a gross load of 74, 000 lb, pe load of 
t 37,000 lb, will accommodate the larger four-engine cargo chips fully loaded, 
and bombers of the Flying Fortress class. These a airfields have about the same 
load bearing capacity as main line railroads. 
i — Quite obviously there is no counterpart for the Class I airfield, designed 
carry the heaviest p planes no now in production. The designed gross load of 
7 120, 000 lb and wheel | load o of 60,000 lb exceed any known pavement requiree = 


ments; and heavier loads are to be expected in the near future. | 
7 | In order to judge just how much a load 60,000 lb per wheel is, visualize the 


weights involved in a test made by Colonel Stratton’s organization. A large 
size “turnpull” with large single tires was used. P| The rear tires had a footprint 7 


of 750 sq in. each. _ The front tires on the | tractor w eighed 6,000 Ib > each and " 


hada footprint of 1,000 sq in. “turnpull”” was loaded to the top with 
we ‘scrap 8 steel; then 30-ft steel rails were piled across the top until the load was 


a ‘exactly balanced with 50,000 lb on each of the four wheels. The tractor 
could pull this load at about 23 miles per hr over the paving to be tested, — 
with only an n occasional failure of the coupling device. If this load had been 
a amplified by four 2,000-hp engines turning propellers at high rates of ‘eet 


a with the resulting vibration, the wheel loads and 1 general effect would id have © 
been more nearly equal ‘to the loads imposed ‘upon runways, taxiways, 


arming-up engines, locked wheel turns, and taxying at low 


— "the wings begin to lift weight a and provide buoyancy are a few of the factors — 
nly 
_ never before considered by paving engineers. rs. The use of dual tires helps to 7 
b of solve the tiremakers’ problems, and also assists in designing adequate braking ~ 
p gning adequate braking 
mer ? surfaces; but dual tires do ne not lessen the load on a pavement when weights a are 
“il as great as these. » 2 hese examples emphasize the need for new and advanced 
designs, and illustrate the reason for building taxi taxiways, ‘warm-up blocks, and 
parking aprons 25% stronger than the runways constructed to the full wheel 
loading. No allow ances are mi made for landing impact. 
alk Early pilots 1 recited a formula for locating | airports which ary more than 
se oan element of f truth 1 mixed with comedy: “You find a high tension line, haguage 
aa | it to the intersection of a railroad and highway; then look for a 
we marsh , there is your ai airport.’ ” The r runways were to be located so that the >a . 
may 
siti | glide paths and» approach angles” passed through the oldest city landmarks, = 
val the fine old trees in the central park, or the tallest smokestacks in town. 
wali When most of these early airfields were located, flying was done in small - — 
and planes by “barnstormers.” ’ The locations were cheap and they grew up like. 


“Topsy.” W hen new Tequirements | arose, it was always too late to remove 


ld— 
<é a For modern airplanes, runways must be at least 5,000 ft long at sea level. 


length should be increased with altitude by adding ft to 


— 
ed 
_ 
in 

airnl s reguire 9 basic le th of 6 000 ft at 

| 


of runways n is controlled wind conditions. Ina few sirfields, one 
“runw ay is ample since the wind blows either up or down the valley. Many 

airports need only two runways since wind records for that area, compiled in 


Before | e selecting a site, the engineer should know the maximum wheel 
loadings and the anticipated air traffic. He: should have at hand all the local 
wind information available. . He should examine the possibility for future 

developments that might affect his” plan, In addition, he should provide 
needed utilities facilities, transportation, and all other requirements likely to 
his of site. If a piece of farm land tempts him, the 
engineer should remember that generations of farmers have spent much time 
and money making the soil as unsuitable as possible for compaction and 
load-carrying stability. If it is level, he should remember that when Nature | ; 
levels a piece of land she usually u uses methods and materials which make it 
4 ‘unsuitable for either base stability. or ‘compaction. if a parcel is level and in 
a cold country, the frost action Inay be bad, _ and the engineer should check 
means of draining areas before s¢ selecting then m. Int most ¢ constuction 
the engineer has more to fear from ultimate cost of fills: than from 


- To make a proper selection he should know how many runw ays are needed. 

4 One will be required in each primary wind direction, or rather within 223° 
4 of each high wind direction. — Very small airplanes that would be bothered by 
winds blowing 10 miles per hr or less are best handled on all-over fields. Planes” 
enough to need runways” can adjust themselves to fairly “brisk: winds | 

crossing: a runway at an angle as great as 30° off the course of such a Tunw ay. 
* the case of high winds, 30 miles or more, an adjustment of 223° ai may be all. 
that can _ be expected of either pilot or airplane, 1 in w rhich case a fourth runway 
would be oes if 10% of the : stiffer winds were such that three runways 


When considering ray 5,000 ft should be the e minimum Ww 
1,000-ft clear zones on each end. . Some runways, plus clear zones, are 12,000 
‘ft long. With this information, o engineer can eliminate all possible sites 
and start ¢ compromising, , but he must not forget that the airplane should havea 
clear glide path not steeper than 1 on 40 from the extreme end of each clear 
‘jn and that this glide path should extend at least 2 miles beyond the extreme 


end of the runway cle clear zone. WwW hen a few possible : sites s have be been determined, i 


he must. check the soil, the cost, and source of base-course material, in place, 


and, finally, the hazard removal cost and other items ern as a de decision. 
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GEOLOGY 11 


M. Am. Soc. The plea in this paper for active 
id ‘@miion of geologists in highway work interests the writer, not because he | 
has any awareness of the lack of such cooperation, but because he a - 
-recollects fundamental contributions by geologists to the establishment and ; 
“the development of highway engineering. Long ago, the foundations 
ck _ durably laid by these men w ho are 80 often 1 forgotten when the structure is 


on completed. Mr. Huntting’s earliest reference dated 1918, and only 
ym one other (5) of the twenty eight antedates 1924, 400 


More than two decades before, N. 8. Shaler, a noted geologist and professor - 
at Harvard University, at Cambridge, wrote “American Highways” 
(29) w hich resulted in the creation of the Massachusetts Highway Commission — 
in 1893. It is unnecessary to . detail here the outstanding leadership | of. that 
body, of which Professor Shaler was an active member, = = =~ pan 
Only a a few y years later (in 1898), 2 at the e suggestion « of William Bullock Clark, — 
Professor of Geology at Johns Hopkins | University (Baltimore, Md.) and State | 
‘Geologist , the Maryl. land Geological a and crete Survey was authorized to 
investigate “the question of road construction” n that state. The seven 
teports (30) of this survey (four on the “Highways of i. Maryland” and three on © 
State: Highway Construction”) were published in the years 1899 to 1910, 
inclusive, and widely distributed. The 1899 Report has been 
“9s the most complete s statement ever issued by any State.” wa ‘These reports: 
® cover in detail most, if not all, of the ‘ ‘problems’ listed by the author and much : 


else of at least equal importance, 
Of the nine ne men on the ‘ ‘Scientific Staff” of the Maryland Saletan ~ 7 


Economic Survey for the 1899 Report, the following were geologists: William — 7 
Bullock Clark, Harry E Fielding Reid, Edward B. Matthews, Charles S. Proesser, 


“'- Norz.—This paper by Marshall T. Huntting, Esq., was published in December, 1943, Proceedings. _ 7 


% Numerals in parentheses, thus: (15), refer to corresponding i items in the Bibliography Appendix 


of the paper), and at the end of di thi 
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CROSBY ON HIGHWAY — Discussions 
: Contemporaneously, the late Joseph Hyde Pratt, M. Am. 8 Soe. C. 
State Geologist, : set the standard for modern highway work i in North Carolina. 


Wisconsin followed the Maryland work closely with SS O. Hotehkiss, , M. Am. 
Soc. C. EK., , State Geologist, supervising x the groundwork. - The late Logan 
Waller Page, M. Am. Soe. C. E., | at one time Geologist for the Massachusetts — 


Highway Commission, directed the U. 8. Office of Public Roads from 1905 ” 


_ did so much for highw 
enduring character and effects of what t they accomplished. How-— 
time | gives a great appreciation of the fundamental, although often over- 
of the 1 work of ‘geologists i in highway engineering. 
_ There are doubtless numerous s geologists who have been, or are, contributing 
‘ mask valuably to the advancement of highway engineering. _ Indeed, a highway 
department cannot function without | without such advisers. 4 


(5) “An Interesting Case of Dangerous Aggregate,” by J. C. Pearson wt 
Loughlin, Proceedings, Am. Concrete Inst, Vol. 19, 1923, pp. 
7 - ‘Ice Forming ‘in| Clay Soils Will Lift Surface Weights,” by Stephen Taber, 
seein News-Record, Vol. 80, No. 6, 1918, pp. 262-263. 
@) “American Highways,” by N.S. ‘Shaler, The Century Co., New ‘York, 
(30) “Reports on the Highways of ‘Maryland, ” The Johns Hopkins 
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CONTRACTS, BOULDER CANYON 


PROJECT mt 


Discussion 


alle 


le R. ARLEDGE,' M. Aa. Soc. C.E. ria, —A alam of the history of the Boulder 
Canyon development and the not generally known facts regarding the back- 
“ground of the pioneer in multiple-purpose projects are _ presented in this | ex- 
cellent paper. _ Although the author has mentioned the varied interests involved 7 
and the need for negotiating the contracts, further ‘emphasis. should be placed — 
on the long negotiations fc for * the Adjustment Act and the readjusted repayment 


aS. 
contracts. _ The question may be asked: “Are ‘not these contracts reasonably _ 


simple legal documents in which the | “engineering factors are either known or 


lend themselves readily to fairly close engineering estimates, although a 
factors involve long periods of time and economic factors of great magnitude?” 
j Fro rom the data submitted, the answer to this question does not seem 80 
simple. _ ‘The p participants: in the negotiations at no time considered the task 
an easy pole but they became more aware of the involved nature of the problems 
confronting them as time passed, and the pattern of the varied sectional eco- 


nomic and engineering difficulties assumed shape. The engineers, attorneys, 

and others called upon to solve these problems, of necessity, had to be men, not 

only informed on the subject matter, but endowed with both prophetic acumen 

and diplomatic dexterity of first magnitede, in order to cope with the situations © 


a8 they ai arose. 


Aan recognition of these difficulties, the Hearings before the Committee on 


Irrigation and Reclamation, United States Senate,” state i in n part, w with reference . 7 


to the Boulder Canyon Project Act: on ods ing 
ne “As is hereinafter more fully pointed ote: the text of the act contains 
Many uncertainties, ambiguities, and inconsistencies.” 
thi 


ore.—This paper by Clay C. Elder was published in December, 1943, Proceedings. Discussion on 
i has appeared in Proceedings, as follows: January, 1944, by W. L. Chadwick 


il 
*Prin. Civ. Engr., Los Angeles Bureau of Power & Light, Los Angeles, Calif. _ 


-™Boulder Canyon Project Adjustment Act, meg Before ‘the Committee on Irrigation and Re 
tlamation on S. 4039, United States Senate, 76 Cong., 3d Session, May 28,1940, p.6. | 
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ARLEDGE ON REPAYMENT CONTRACTS ‘Discussions 


And further* in regard to which arose: 
“The chief causes for controversy y have been, first, the method of deter- 


mining charges for electric energy at the dam; "second, the extent of, and 
_ method of determination of, the rights of the States of Arizona and Nevada — 
in the revenues from the project; and third, the extent of the interest of the 
"several States of the Basin of the Colorado River, in the revenues from the 


The original Project Act involved the. interests of the seven states of the 
Colorado. River Basin, the United States of Mexico, and the United States of 


act of ‘Congress amending the ‘Project. ‘Act it the prt 

of the seven basin states and the power contractors as represented by the 

: ‘Committee of 16, and the other power allottees and irrigation interests. ‘To 

complete this « complex picture, jit is necessary to add the satellite interests 
which revolve around a and a affect each of the foregoing major groups. sg 

In 1937, when the re request for a review of the rates was. filed, it was thought 

that the Secretary of the Interior with his broad discretionary powers: could 

correct the difficulties in the ‘energy rate s structure as well as those encountered 

in administering the Project / Act, but competent legal authority ruled otherwise. 

- This ruling started, in earnest, the long and tedious negotiations which cul- 

td in the approval of the Adjustment Act on . July 1 19, 1940. This Act 

= a provision, in substance as follows: It shall « cease to be operative e and 

- Shall be of no further force or effect, if contracts (the readjusted contracts of 
“4 the » City of Los Angeles, the Metropolitan W: ater District of Southern Califor- 
nia, ‘and the » Aeatiere California Edison’ Company) in ‘accordance w with the 
requirements of Section 10 of the Act shall not have been entered into prior 
to June i. 1941. The e principal function of the Adjustment Act seemed to be 
to provide | requirements, rules, regulations, and a time limit under which the 


a readjusted 1 repayment contracts could be perfected. The time limit was beaten 


In spite of the seemingly insurmountable difficulties and the e duration of 
the negotiations for both the Adjustment Act, ‘setting up 1 requirements and 
limitations for the new contracts, and the new contracts, there were leveling 
elements which p1 provided the’ incentive for a a mutual agreement. ‘First, the 
contractors for energy at Boulder Dam were paying a rate about 50% greater 


than pened was as Tequired under the oe as stated i in a the nt Act. 


Act, or that the vets Parag of the ‘Colorado River Basin would receive any 
: payments t that might be used as a development fund, because of uncertainties 
and ambiguities of the Act. . Third, as the author has stated, there was some 
uncertainty, under the original Act, as to whether the federal government would 
be fully reimbursed i in fifty years because of the requirement to readjust. rates 
"periodically i in accordance with rates prevailing at competitive centers. __ 
ail The leveling elements, which provided each main group with trading points, 


under ¢ certain conditions may have | given the contractors of energy some slight 


8 Boulder Canyon Project Adjustment Act, Hearings Before the Committee on Irrigation and Re : 
Geli on 8. 4039, United Btates Senate, 76 Cong., 3d Session, May : 28, 1940, p77. z 
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on 


advantage. The “Contract for Lease of Power iuiaaiadl under date of April 


26, 1930, in Article 16, has the following provision: ; 


unt the end of fifteen (15) years from the date of execution of this” con- 
tract and every ten (10) years thereafter, the above rates of payment for 
_ firm and secondary energy shall be readjusted upon demand of any party 
hereto, either upward or downward as to price, as the Secretary may find 
to be justified sal competitive conditions at distributing points or competitive 


Under this provision, a readjustment of rates would place auto- 
‘matically i in 1945. Unless the prices of = and had 


ruarantee the repayment of the federal advances in fifty years, 
and also to make payments to the states of Arizona and Nevada, and to the - 
Colorado River Development Fund to be used in the interest of developing a a 
comprehensive plan for the Colorado River Basin as a w — oo con- 


‘pay sant of millions of ¢ in excess revenues before 1945. it seems 


i. s that the best long-term plan has been accepted, measured in terms of benefits - 


Act a Engineers may not be in agreement on the merits of one project subsidizing 
and other projects, but, perhaps, all will agree that, to develop a 1 contract extending _ 
sof i tty years into the future, under the present conditions of social and e economic | 
for- flux, it required men of vision and resourcefulness in each major group, w working ; 


the earnestly and ‘diligently for comprehensive plan of development the 


or 
the: Correction for Transactions: In January, 1944, ‘Proceedings, page 124, 
the tabulated information for “generating | units N-l to N-4 to read 


allows: 


on of Si 

and City of Angeles, Glendale, Pasadena, 

veling Boulder City, California Pacific ‘Utility Company, 

t, the and Gi 

an itizens Utility Company (contractors for the 

Metropolitan ‘Water District), an nd the State of 

ao Nevada for the Southern Nevada Power Company 

wou 


and the Lincoln County Power District No. 1 Pou 
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SSEY,” C. E.7*—It is interesting to beam 


formas in current use with the secant formula, Eq. 37. - Beam formulas from 


ation and American Association of State Highway Officials igeiientions for 


and American of Steel Construction 
(maximum = 20 000), 


3—Kips per Square inch 
a 


_ 22,500 


If the formula, Eq. 80a, is multiple by and the 


eee Eq. 80b, by 2° ultimate stresses may be obtained which will b be Bose 
consistent with those presen by the author in n Fig. 4 7 


0 
0 
a 


Thus the for curve E, Fig. 7 
18,000 5 = 28, 800 800 — 855 
Sitder 
__ Nors.—This paper by George Winter, Esq., was published in June, 1943, Proceedings. Discussion ® on This 
this HM Bec has appeared in Proceedings, as follows: September, 1943, by Messrs. T. McLean Jasper, 82 dees 
Goodrich; and December, 1943, by J. P. Wadleck. 
Designing Engr., Am. Bridge Co., New York, N.Y. ‘be pap 
_ 1 Received by the Secretary January 8, (1944. ; = 
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February, 1944 HUSSEY ON SLENDER BEAMS 
fore curve 7 (maximum, 20 000): 


For Lf = 30, Eqs. 8la 1 and give identical 


a 


_| 


Ratio of Length of Beam to Width of Flange 


@. 7.—Unrmate Sraess ror a Yretp Pornt oF 36,000 Lx rer Sq In. 


7 indicates that the present design formulas : are conservative. The 
vill be close correspondence between the curves ‘representing the present. design 
WSs the : ‘ormulas and the author’ 8 results suggests that the tentative value of k = 0. 25 
wher may be a satisfactory assumption until the correct value can be established by 


The author h has proved the "great torsional strength beams, 


in 1941. One of Mr. Madsen’s conclusions was: ‘For welded (box) 

titders with L/b ratios up to 110, and riveted (box) girders with L/b ratios up a 

it is not necessary to reduce the a allowable compressive design stress.” 7 


This statement seemed rather startling until Professor Winter gave it a 


| ™Numerals in parentheses, thus: (14), refer to corresponding items in the Bibliography (Appendix I of 
a and at the end of discussion in thisissue. __ ; 
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HUSSEY ON SLENDER BEAMS 
theoretical background, calculated the ultimate ‘stresses for a. beam 
for varying values of L/b, and plotted them in F Fig. 4. ‘This beam, which has 
a@ maximum strength of 28,800 lb per sq in. when L/b =0, has a strength | of 
‘more than 28,000 lb per sq in. when L/b = 100. — Current specifications 1 me ake 
no distinction between the flanges’ of a box girder and an I-beam, as regards 
allowable flange stress. The same formula is used for both sections. Present 
‘evidence seems to justify a review - of current practice in “respect to allowable 


_ The author is to be commended for having presented a rational solution of of 
the strength o of beams. He has demonstrated that this strength i is . represented 
by, a secant formula and has thereby developed a basis for a working formula 
for beams. Since the secant formula cannot be solved ‘readily, it would be 
necessary to to use an approximation, as has been done for column fo formulas. 
‘Fig. 7 shows that Eqs. 81 give a good approximation on of a secant curve for the 
ce Results presented i in Fig. 7 indicate that (a) it is safe to use se beams having 
an L/b ratio | greater than 40, which is the « currently specified limit; and (b) a 
formula of the Rankin- -Gordon type w ould define a satisfactory design stress for 


slender beams. 


stress at any value of L/b. ws Lon 
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AND USE OF | 
| 


sewage sludge since the early 1920’s, and particularly in the technique of condi 
tioning, dewatering, | and heat-drying ‘sludge. The discovery of the value of 
ferric chloride as a conditioner by Mr. Palmer and the nantenied study by Mr. 
Dundas and his associates in heat-drying and incineration are among the most 7 
important advances in n the art. _ The » first s stage of the development related 
to design; the second, to operation and maintenance. 
Mr. Velzy has described operating g conditions at the Buffalo installation, in 
which primary sedimentation produces a sludge that is treated by partial diges- 
tion, vacuum filtration, and incineration. Mr. Fuhrman discusses the plantof = 
the District of where the primary sludge i is ‘digested and elutriated 4 
before vacuum filtration, the cake being dumped. Mr. Schroepfer analyzes — 
the Minneapolis-St. Paul plant, in w hich sludge p wey primary settling i is con- 
centrated, dew atered, and incinerated. maintenance ‘problems in each 
are somewhat different: Buffalo uses the flash dryer. and Minneapolis-St. Paul, — 
the multiple hearth; Mineapolis-St. Paul does not employ digestion, Buffalo a 
“Uses partial digestion, ‘and the District of Columbia has complete digestion os 
with elutriation of sludge. "The problem of The Sanitary District of Chicago 
has been the design and operation of apparatus to dewater, heat dry, and 


incinerate excess activated s sludge, deseribed by Messrs. Dundas and 


pe the end product is fertilizer, sic belinda costs are incurred from 
the need of fuel to replace the heat otherwise supplied by the sludge itself when 


tag NOTE: —This Symposium was published i in n January, 1943, Proceedings. Discussion on this Symposium > 
we ared in Proceedings, as follows: February, 1943, by A. L. Genter, M. Am. Soc. C. E.; June, 1943, 7 
lem Rudolfs, M. Am. Soc. C. E.; and September, 1943, by Messrs. Lloyd M. Johnson, and Isador W. = 


Engr., The San. Dist. of Chicago, Chicago, II. ale a} 
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244 PEARSE ON USE OF SEWAGE SLUDGE Discussions 


In the operation of the equipment, : drier filter coke cnn can be secured if 
incineration follows. This affects the output of ‘the: equipment, measured in 
dry weight. Furthermore, the rates of filtration on @ vacuum | filter « are con- 
_ siderably lower, ‘measured in pounds « of dry solid in 1 cake per hour, for activated 


sludge 1 than for fresh or digested sludge, and the moisture content of the cake is. 
higher, 
x For: filter cloths Buffalo and Minneapolis-St. Paul use canton flannel. The 
_ Distriet of Columbia and Chicago use woolen cloth. At Chicago wool was 
am, despite the higher first cost, because with a life of three months the total 
cost of the w woolen cloth in place was less per ton of product. — a Because of war 
conditions, v: various materials have been tried for winding w wire. However, a a 
_ method of crimping» the cloth in place with grooves and wooden splines is 
"proving satisfactory, without any use of wire. The) pipe ne drainage s system of the 
filters is being replaced with with plastic or _— pipe. adit - Wooden | backing has has proved 
superior to wire mesh. 
Heat-dried activated sludge at Chicago i is sold only in bulk in carload lots, 
based on analysis, under a 5-yr contract with an exciusive buyer. The material 
distributed chiefly i in the southeastern United States. The output has 


h varied. Prior to World War II, the 


TABLE 20.—Saues OF Heat-Dzte> equipment was worked at a higher 


Activ SLUDGE at CHICAGO rate than proved feasible under war 


fl conditions. The sales are shown in 


|—_—_—_|_——__ Southwest Works at times is as hi 
600 S é es 1S g 


58,464 6.40 as 8.1%, but. at no time has it fallen 
5. 


56,597 
below 4.37 The Calumet “sludge 
| ser | 245! %o- 


— 38 “consistently lower in ammonia 

than the Southwest sludg 

At present there is considerable demand for organic material for mixing 

purposes. — _ Milwaukee and Chicago » are currently selling all they can produce. 


Gilwaukee markets about half its output in bags through jobbers and retailers. 


is practicable because ¢ of storage facilities of 25,000-ton 1 capacity. 


‘At Chicago, shipment is made as manufactured. 


tel _ The status of the conversion \ of sewage sludge to ) fertilizer i is apparently a 


“matter of economics. At present, with the: rigid control over chemical ‘nitrogen, 
_ organic nitrogen i is in demand. _ From 1910 to 1920, the trend of the organicnitro-_ 
: gen market was upward, reaching a peak in 1920. It then turned downward, 


largely because of the competition of chemical fertilizers. ‘The trend was 


reversed about 1932 and rose until 1937, then dropped ‘slightly, and finally 


stabilized at a somewhat higher level for the war period 1 under ceiling control. 
_ Undoubtedly organic matter or humus is required i in | many ole, am Heat-dried 
activated sludge is the most valuable of the sludges. | However, other er sludges 
- properly prepared offer a useful source of humus and nitrogen of lower grade. 
In general, the distribution of sludge in agriculture i is limited largely by eco- 
nomic reasons. - Air-dried | digested sludge is suitable for local use, as a a sub- 
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stitute y for Baas, whereas heat-<¢ dried activated d sludge may be be shipped as fa as far 


Fin 


Because of the uncertainty « of Prices for organic nitrogen in in postwar ti1 times, a 


the planner of large activated sludge works should certainly provide another 


q 


a 


4 


- outlet than fertilizer. . The plants of of the Sanitary 1 District are designed either 
to burn the heat-dried sludge or to sell it as fertilizer. Because war conditions 


prevent any present installation of additional equipment, the Sanitary District 
has just completed s a 16-in. n. sludge pipe line, 43 miles long, from the Southwest 


iW orks feeding a system | _of lagoons, covering 78 acres, divided into 16 units. a 
working depth averages 16 ft. This will I handle excess sludge 


‘The use of digestion n tanks as & buffer between the sting | tanks and the 


vacuum filter | may be necessary in many projects to average the solid load and 
reduce the equipment for vacuum filters and incinerators. _ However, situations 


may arise in which digestion may prove undesirable, particularly i in handling q 


industrial wastes from the brass industries, containing copper, which tend to 


sider taking the raw sludge direct from the e settling b basin to the vacuum cuum filter 


slow up or stop the digestion of sludge. — In such cases the designer sho should = 


with suitable conditioning followed by incineration. 
Although the Sanitary District has | given n considerable thought t mm the dis- 


wet | slurry of fly a ash to a neighboring lagoon. - At the Southwest plant | the fly 


posal of fly ash, as yet , nothing has developed which replaces the pumping of a 


ash j is practically all derived from the the burning of coal in ‘making steam as well 


the standpoint of operation and maintenance, there are oppor- 


tunities for improvement in the details of design. Both capacity and life of 


equipment should be increased, with a minimum of e expensive or hard- to-get_ 


material. In the conditioning of sludge, elutriation has come forward, par- 


chloride stil still is preeminent. _ Thus, the chemical industry has materially aided 
sewage treatment development by substantial es in price since 1925. _ 


- ticularly for handling digested sludge. In the field of conditioning agents, ferric 
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LANGDON 


LaNGDow M. AM. ‘Soc. C. Sludge deying at 


tank) plant provides pyres digestion of 10 1532, 000 ¢ cu 1 ft. “Tt was was 

expected to accommodate both the sedimentation sludge from the West Side 
andt the excess activated sludge from the North h Side. _ This proved inadequate, be- 
cause the excess activated sludge wo would not concentrate within reasonable limits. 
‘The sludge-drying beds were provided | for the West Side only, with the 


expectation * immediate enlargement. The sludge stripping 1 ‘machines are 


— 


66.4 | 327,092 | 313,800 377,300 
2 North Side*. . . 206. 195.8 | 1,019 967 } 1,184 1,122,000 
Southweste 838.0 331.0 1,127,682 | 2,770,000 3,014,000 
West Sides. . 153.0 423.0 487,773 | 21244,000 | 2,180,00 | 
5 Total. a 064.2 1,032.2¢ 3,962,514 | 6,512,300¢ | 6,780,800 
Total equivalent population. Including grit. Activated sludge. Imhoff tanks, For fe four major 


‘and forty -one side- -opening dump ¢ cars s for moving the air-dried 
_ sludge to a dump some 3 miles away. By moving the sludge in a wetter condi- 
tion than heretofore, the output of the drying beds has been increased materially. 


_ Nore.—This paper by Lloyd M. Johnson, Esq., was published in September, 1943, Proceedings. 
Discussion on this paper has appeared in Proceedings, as follows: September, 1943, by C. W. ¢ a 


and October, 1943, by Paul Hansen. 
4San. Engr., The San. Dist. of Chicago, Chicago, 


4@ Received by the Secretary November 29,1943. 


a 5 News-Record, January 21, 1932, pp. 
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“The Southwe est works was left ‘unfinished in 1939 because of lack of meee. a 
Two years later, w rhen bonding power became available, construction was 
_ The most recent data on the plant loading and over-all performance of each 
plant are given in Tables 4(a) and 4(6). The suspended solids record for the 
four plants was as shown in Table 4(c). : At the West Side works, the record of. 
dried sludge and scum removed from the , drying beds was as given in Table ale 5(a). 
In the operation | of the Southwest works, certain changes have « occurred. 
‘le oe ven filters, plastic pipe is replacing the metal pipe in the pipe dr drain- 
age system. The wire mesh underdrainage supporting the filter cloth is now _ 
replaced by a wooden drainage grid. — _ The winding wire is being discarded for a 
_ system of crimping the cloth in grooves with locking splines. | a 
Lately, the filter cake has been ranging from 83% to 86% moisture. This 
‘is fairly representative for past seasons at Milwaukee, Wis. Fly ash is dis- 


posed of in lagoons near the plant. It lacks commercial value. 
Recently the grease collected from the preliminary | tanks at the  Southw rest 
works was sold for 0.55¢ per ‘Tb, f.o.b. trucks at the works. The ou output is 
q estimated from 5 ,000 to 20,000 lb of scum per | day, with an average of 14,000 lb. ye 
‘This contains 4 approximately. 50% grease, of which 15% is unsaponifiable. . The 
- heat-dried activated sludge has been sold in bulk under a five-year contract to -- 
an exclusive purchaser, on an analysis basis. The average results are given in 
When sludge is ‘sold as ‘fertilizer, there is an additional expense to th 
Sanitary District for fuel and incidental charges, which reduces the g gross re- 


Drvinc aT Cuicago, ILL. 


40,529 38,156 
103,066 67,405 | 48,204 
107,014 | 38,249 44,485 


Aatire Sani nitary District. 9% Includiag miscellaneous plants and corn products en, ae) 


~ 11,836 14,541 


we. At the Calumet Ww vorks i in 1941 this cost slightly exceeded the re — 


Tn 1943 the receipts will be somew hat greater - than in 1942. BP nis) deg an 
_ To take care of the large sludge load at the West-Southwest ould oo 

| Sanitary District has completed a 16-i -in. sludge pipe line, 43 miles long, to dis- 
charge excess activated sludge for the duration of the war into 78 acres of 
lagoons, 16 ft deep, divided into 16 units. This will provide about 45,700 000 

eu ft of storage. “Sludge » will be seeded with digested sludge from the West 

Side Imhoff tanks. 7 The heat-drying plant will be operated to capacity. Any 
excess sludge will go to the lagoons. _ With the new blower just completed and 
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PEARSE ON SLUDGE DRYING Discussions 


rehabilitated plates, the treatment of 300 ‘med of s sewage by 
— activated | sludge should be reached next spring at the Southwest works. 


Among the problems of the sewage works designer and operator i is the tuning 


up of the works. | st The varied works of the Sanitary District have shown a 
Marked The W est, Side works. went into ‘Service with but little 
-_ difficulty. _ The North Side works also began operating g smoothly, ‘and con- 


EST Works & Sournwest W ORKS 


delivered} in dollars | 
_ Scum _| Moisture Volatile Nitrogen Ammonial 


72,379 


11,303 71,102 | 6.00 

0 | 464 | 346,307 | 6.40 | 

149,867 56,597 | 282,428 | 6.24 

1 | 164,973 3 | 2.22 | 51,729 | 391,386 | 5.97 | 

_ tinued with the least operating problems of any of the activated sludge works 


a of the Sanitary District. This i is due in part to. the transfer of the sludge dis- 
posal to the Southwest-West Side works and in part to the character of the 
ail The Calumet works was 5 used as as a pilot plant for the Southwest works in so 
far as. dewatering, heat drying, and incineration were concerned. Various 
changes were made over a period of some three: years working 
plant resulted. _ Industrial wastes presented other difficulties. The removal of 4 
_ Waste-iron Pickling liquor from the system greatly reduced the clogging of air 
a The Southwest works | began operation in ‘May, 1939, as a partly | completed 
plant. Tere remains such today. s unable to give activated sludge treatment 
to the en entire flow because ¢ of lack of air compressors. Further, ‘it lacks ade-— 
quate sludge- handling equipment. ‘The diffu users have now become clogged to a 
_ degree requiring replacement ii in 1944. 


tion. a Suitable > grit chambers are required, as none | were originally p ovided. 


ale, war conditions stopped construction. "The: operating force has done its. 
best to cope e with the difficulties of operating under war conditions. — 7 
aig Those interested can follow the various problems in the Annual Budget — 


Repetto of the Chief Engineer of The Sanitary District of Chicago for 1940- 1943, 


while the for completion of the West-Southwest works are in 
Be This discussion is intended to add certain Phases of the sludge-handling 
- developments, which Mr. Johnson has omitted, to . complete the picture of the 
sewage treatment problem at Chicago and the relation of the sludge 
to it. The recent developments are noted in the sale of s scum, in construction 
of lagoons and pipe line, and i in | disposal of fly : ash, as well s as in the difficulties 


in ann up and operating a an ineomplete Southwest works under w war - conditions. 


= 
4 
4 
= 
— 4 
— 4 
| 
= 
1 
— 
— 
| 
a 
= 
| 
| 


OF CIVIL ENGINEERS 

Founded November 5, 1852. 


DISCUSSIONS 


HE UN IT HYDROGRAPH 


Discussion = 


an 


‘By JAMES S. SWEET, AND Orro H. MEYER: 


> 


JAMEs S. Sweet,” Assoc. M. Am. Soc. C. E. een 
flow and storage in open channels has been demonstrated i in this paper. _ The 
d= analysis and the suggested procedures of the flow routing are a definite con- 
tribution to flood control design « estimates. . However, in forecasting work, 
= here time of preparation and i issuance ofa a forecast must necessarily be: reduced 
Zz a minimum, the procedure must be simplified to effect a a quick answer, er, -with- 
out, sacrificing the limits of relative accuracy. Mr. Clark’s method involves” 

‘time- -consuming, laborious computations, is not adaptable for, 
this type of work. ‘ On the James River where stage relationships between the 


_bages along» the entire length of the ‘qiver are not alw ays W vell to 


in the upper reaches of ‘the main stem : and the e tributaries sh should be nceined 
either through the direct 1 reports from the stations or through the e simple rain- 
_fallstage relations and should be routed to a downstream point on the main— 
stem. Adjustments should be ‘made to synchronize the arrival the dis- 
at the desired ‘point simultaneously. . The discharges from the 
we ungaged areas” should be adjusted, taking into ¢ consideration the ratio 
of index areas and rainfall over - them and the area coefficient that reflects 1 Tun- 
“off characteristics and channel storage of the area. — ‘Determined empirically, 
- these coefficients for various parts of the basin range from 0.6 to 0. 7. Thus, 
discharge of the James River at Buchanan may be expressed as follows: pata 


in which Qs = = of the James River at Buchanan; of 

the James River at Lick Run, 9 hours previously; Qp = discharge of et 
Creek at Parr, 7 hours previously; ; Or = = discharge of Catawba Creek at 


vs the method of the summation and routing io discharges. 


Nore. —This| paper by C. O. Clark, Jun.. Am. Soc. C. E., was published in . November, 1943, Proceedings. 
Regional Hydrologic Engr., U. 8. Weather Bureau, Flushing, 
ction» d by th the Secretary December 20, 1943. 
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 Bimenstle, 5 hours previously; and Qu = discharge from the ere area (280 
sq miles) above Buchanan. tame) 


Bos 
For wing the discharge at Run asa an index for the 


Discharges, including peak discharges, can be determined in a  simil: milar 
‘Manner at all desired points along the main stem and converted into stages. 


With va equations prepared i in a simple form such as Eqs. 15 and 16, actual 


©. 


in the but rather to add another choice for ‘the 
future selection of an appropriate definition, the Ww iter suggests that con- 


satisfied) and the time az the peak rise of us stream. 


-Orro H. Meyer,” 1 Assoc. M. Am. Soc. E. new tool for synthesizing 
: anal from rainfall is presented in this paper. Iti is a good | and useful tool, 7 
as is show n by the excellent agreement of | reconstituted hydrographs with 
natural hydrographs. _ 7 Although this method will not replace other ‘accepted 
_ techniques of synthesis entirely, it deserves to be used in a large Proportion 


of cases because of both its simplicity and accuracy. seh Set ae 


op, 


‘The author does well to emphasize relative accuracy. Estimates have — 


i often been condemned for lack of accuracy when they were in fact the best ; 


Some conclusions, in ‘the paper, such as increase in outflow following 
dase 3 in inflow, mass rotation of water-surface profiles, and negative cut 
flows, are apparently deduced from empirical 2 and approximate formulas. 
These conclusions should be examined critically. Also, the statement that K 
is constant (and the derivation of formulas based on that condition) involv es 
rationalizing from an empirical assumption. - The value of K can often be 
assumed constant, with good “relative accuracy y” and in _many cases with 
entirely satisfactory results; yet this \ value usually varies somewhat with S- 


and Q; in fact, it is cas variable as to be unusable. . The writer has de- 


nasa 


effect using a constant K, instead of a variable K, will 
bet the shifting of | high peaks in in time nhdine: to lower | flows wae er. 


| 


 Maj., Artillery, U.S. Army, Corvallis, Ore. 
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MEYER ON STORAGE | 
— 


The of runoff into surface and ground-water | flow, by the criterion 
g that the runoff in direct proportion to storage is surface runoff, is arbitrary. 
- This theory is permissible only for convenience or when no other means of > | 
division } is practicable. An important part of the runoff other than surface 
runoff nev reaches the true -ground- water table, but flows” quite near the 
surface, and responds promptly | to rainfall. The w riter has found an apparent 
correlation between this volume in . subsurface ¢ storage e and the infiltration from 
7 rainfall; that is, the subsurface storage determines not only the outflow but 
also the “surface runoff factor. - Thus, a part of the rainfall may be routed. 
“through: the ground”; but as it travels underground a short distance only 
; (at most several hundred yards) the outflow should be added to the “net” 
pluv iograph and sj synthesized into the hydrograph along with the direct surface — 
runoff, _ Of course, the inflow into subsurface storage is not total rainfall less - 


~~ surface runoff, as a must also be considered; 4 likewise, some 


‘transpiration, — 


author time-area concentration curve, routes it through 


storage, and averages the outflow over a unit time to form a unitgraph. If the 


-time- -area concentration curve were averaged over a unit period, routing of the 

graph might produce the same unitgraph. To extend this ‘idea 

further, a summation of the products of a time-area concentration curve with 

- successive parts of a a net pluviograph could | be routed through the storage 7 

about. the same labor as. by the author’s procedure. Although the 
Suggested method would have the advantage of per mitting use of a storage 

outflow relation involving a variable K, it w ould involve more routing. — How- a 7 
over, there are less laborious procedures than the Muskingum method, such > 


as “lag routing,” or the use of a flood routing machine. 
application of Mr. ‘Clark’ technique is ni not necessarily to the 


Correction for Transactions: In November, 1943, Proceedings, page 1341, — 


lin following Eq. 6b, change “Eq. 50” to “Eq, 6b.” 
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"Discussion 


_R. 2 Esa. —The treatment of the effect of turbulence 

~ on sedimentation. presated i in this paper, will be of widespread general value 
because, both ¢ experimentally and theoretically, the simplest possible turbulent- 
sedimentation system was considered. - That is, the particles were in a dis- 
persed state and of one size one settling velocity; the suspensions, 

ae agitation was uniform with respect to depth; and there were no hori- : 
zontal currents. 7 Because of the ‘complicating: effects of variable. particle s size, 


‘concentrated ‘Suspensions, variable turbulence, ete., , only empirical 


data can ‘be obtained in practicable sedimentation systems. Lee 


The sedimentation systems with which the w riter is familiar occur 

separation operations for dressing “minerals. These operations per rtain 

only to the separation of suspended matter from fluids but also to the g grading © 
of particles according to size, and to the separation of particles of one mineral 
from those of another when the minerals differ in specific gravity. . Turbulence, 
induced both by flow and by mechanical agitation, undoubtedly plays a _— 
 réle in some of these operations, and Ensign Dobbins’ methods seem to —_ 
writer is particularly interested in the observations on pickup, since 

devices for separating minerals: require maintaining conditions ¢ of 

selective pickup at at the bottom of a stream. Gold, cassiterite, and other heavy 

minerals are separated from quartz and other light gangue minerals in this w ay. q 

In some respects the ‘ ‘rheolaveur- launder”’ process for separating coal and slate 


is also of the same nature. __ 


_ Nore.—This paper by W illiam E. Dobbins, Jun. Am. Soc. C. E., was published in February, 1943, q { 
fa. Discussion on this paper has appeared in Proceedings, I i follo ows: April, 1943, by A. M. — 
Gaudin; May, 1943, by John S. McNown; June, 1943, by Messrs. H. A. Einstein, and Thomas R. Camp; 
Qstober, 1943, by Messrs. Keulegan, Cc. Thornthwaite, and A. A. Kalinske; and 
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